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ABSTRACT 
 
Compression parallel to the bed joint occurs due to flexure in masonry beam elements. 
Currently, it is believed that there is a reduction in the compressive strength of masonry 
when it is loaded parallel to the bed joint. It is also believed that this reduction is larger 
when the webs of the blocks are present in the compression zone, causing an interruption 
in the grout. This study was undertaken to investigate the effect of loading parallel to the 
bed joint, as well as web interruption, on the concrete masonry compressive strength. A 
detailed experimental study using 29 prism and 12 beam specimens was completed. It 
was found that the compressive strength parallel to the bed joint reduces as web 
interruption increases. However, the compressive strength parallel to the bed joint is 
higher than the compressive strength normal to the bed joint which contradicts current 
belief. 
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1. INTRODUCTION 
 
1.1. GENERAL 
Masonry is one of the oldest construction materials. Modern day masonry construction is 
characterized by tighter material controls and standardization. Masonry can come in 
many different forms, such as; brick, concrete block, or traditional stone. Mortar is used 
to connect these materials. Mortars are usually classified based on strength and 
workability.  
This study is concerned with the properties of masonry assemblages built with concrete 
block units. Some basic terminologies are shown in Figure 1.1. These blocks are laid in 
the most common pattern, known as running bond. The head joint refers to mortar joint in 
between the heads (sides) of the blocks. The bed joint refers to the mortar in between the 
bedding area of the block (top and bottom). 
 
(a) Wall section with running bond 
 
(b) Stretcher block 
Figure 1.1: Basic concrete masonry terminologies
 
The cells (voids inside the blocks) can be filled with either a coarse or fine grout. A 
coarse grout includes small aggregate, where the fine does not. The difference between 
grout and concrete is that grout generally has a higher slump, which makes it easier to 
flow through the blocks and fill all the voids. Grout is used to increase the load carrying 
capacity of masonry by increasing the solid area (since an air void carries no load). 
Bed Joint Head Joint 
Web 
Face Shell 
Frogged 
End 
Cell 
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Concrete masonry construction includes many structural elements, such as various walls 
(including shear walls), columns, beams, and lintels.  Beams are used to span openings in 
masonry walls. This can include large doorways or windows. The tensile strength of 
masonry is much lower than the compressive strength. Therefore, most beams are 
reinforced with steel in the tension zone.  
 
1.2. PROBLEM STATEMENT 
In a masonry beam, the compressive force acts parallel to the bed joint. Current Canadian 
standards (CSA S304.1, 2004) use a strength reduction factor for calculation of the 
compressive strength parallel to the bed joint. This reduction factor is either 0.5 or 0.7 
depending whether there is web interruption or not in the compression zone. This 
reduction factor is multiplied to the compressive strength normal to the bed joint (f’m) to 
determine compression strength parallel to the bed joint. However, there has only been a 
limited amount of research found in the open literature concerning loading parallel to the 
bed joint. No literature concerning the amount of web interruption was found. Hence, this 
study was designed and carried out to investigate these aspects. 
 
1.3. OBJECTIVES 
The following are the objectives: 
 Determine the difference in strength for masonry assemblages when compressed 
parallel and normal to the bed joint. 
 Investigate the effect of web interruption on the concrete masonry compressive 
strength  
 Determine the effect of a strain gradient on the compressive strength parallel to 
the bed joint. 
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1.4. SCOPE OF WORK 
The following were the major activities under the scope of work for this project. 
 Undertake a detailed and comprehensive literature review to understand the 
problems and decide on the research approach and methodology to achieve the 
objectives of the project 
 Carry out research using full scale tests on beam specimens and also using a large 
number of prism specimens 
 Analyze the test data to determine how compressive strength depends on (i) 
loading direction, (ii) the web interruption of grout, and (iii) the strain gradient. 
 
1.5. RESEARCH METHODOLOGY 
This research was completed using a large number of tests on prism and beam specimens 
as discussed next. Under the scope of this study, a total of 29 prism specimens were 
constructed with various parameters: (i) load direction (normal and parallel to the bed 
joint), (ii) grouted and ungrouted, and (iii) percentage of web interruption (38%, 62%, 
and 100%). Twelve full-scale beam specimens were constructed with varying amounts of 
web interruption (32%, 47%, and 100%). They were designed to fail in compression in 
order to obtain the ultimate compressive strength of the masonry. These specimens were 
tested and test data was analyzed.  
 
1.5.1. PRISM TEST 
A prism specimen simulates a small portion of masonry construction. The prism test is a 
method used to determine the compressive strength of a masonry assemblage. This 
method is used in many different masonry standards all over the world. This method is 
beneficial because complex interactions among the masonry unit, mortar, and grout are 
present. However, tests on prism specimens are time consuming since they must be 
constructed then cured before testing. Due to this factor, many standards provide charts 
for determining the masonry compressive strength based on block type and mortar type. 
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1.5.2. BEAM TEST 
It is impractical to test an entire beam to determine the moment capacity every time a 
beam is incorporated into a design. Instead, material properties and beam theory are used 
to calculate the ultimate moment capacity. The material properties are compressive 
strength of the masonry, grout, and yield strength of the steel reinforcement. Classical 
beam theory is used to determine the depth of the neutral axis and the magnitude of stress 
present in the compression zone. 
 
1.6. ORGANIZATION 
The contents of this thesis are organized as follows: Chapter 2 contains a detailed 
literature review of previous works which relate to the current study. Chapter 3 provides 
a detailed description of the experimental procedures. Chapter 4 is comprised of the 
results obtained from the tests on various materials (block, grout, mortar, and steel) used 
in this study. Chapter 5 presents the prism test results along with detailed discussion and 
analysis of these results. Chapter 6 presents the results of the beam tests along with 
discussion and analysis. This chapter also includes a brief comparison of the beam and 
prism test results. The final chapter is Chapter 7, where a summary of all the prism and 
beam results is presented, conclusions are drawn, and future research recommendations 
are made.  
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2. LITERATURE REVIEW 
 
2.1. INTRODUCTION 
While masonry is one of the oldest building materials, research is still trying to catch up 
with its applications, and structural behaviour of masonry construction. One of the 
reasons is the behaviour of masonry is complex. There are various components that act 
together as a composite construction, some of which with anisotropic properties causing 
the assemblage to also exhibit non-isometric properties.   
A majority of concrete block masonry research has been conducted with loading normal 
to the bed joint. Relatively, little research has been undertaken with loading normal to the 
head joint.  
 
2.2. MATERIALS 
 
2.2.1. BLOCK PROPERTIES 
There are many different shapes and sizes available for concrete masonry blocks. The 
most common ones are regular stretcher and splitter blocks. Lintels blocks are used 
mainly in beam applications. An example of a typical stretcher (Figure 2.1) and lintel 
block (Figure 2.2) are shown on the subsequent page. The strength of a concrete masonry 
block can vary in each orthogonal direction depending on the shape and dimensions of 
the unit. 
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Figure 2.1: Regular stretcher cross-section 
 
 
Figure 2.2: Lintel block cross-section 
 
Block compressive strength for the purpose of block rating is defined by loading normal 
to the bed joint. The ultimate load is divided by the average net area to obtain the 
compressive strength. A minimum of five block tests are required to determine the 
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compressive strength (at least ten tests are required if coefficient of variation exceeds 
15%). A block compressive strength is then set so that 95% of the masonry units will 
exceed this strength. Details about this and other block tests can be found in CSA A165.1 
(2004). 
 
2.2.2. GROUT 
Grout is used to fill the cells of the blocks in order to increase the load capacity. It is also 
required in the cells where reinforcement is present. There are two types of grout: fine 
grout, and coarse grout. The fine grout does not include any coarse aggregate where the 
coarse grout does. The use of fine or coarse grout is dictated by the grout space available. 
The only thing that differentiates fine grout and coarse grout is the maximum size of 
aggregate. According to CSA A179 (2004), fine grout is limited to using only fine 
aggregate (sand), which is restrained to a maximum size of less than 5 mm, while coarse 
grout can use both fine and coarse aggregates. Coarse aggregate (crushed stone or pea 
gravel) can have a maximum size of up to 14 mm. Grout mix differs from normal 
concrete mix by its high water to cement ratio, ensuring a high-slump mix for superior 
flow characteristics. Admixtures can be used to further increase flow, reduce water 
content, increase water retention, prevent freezing, or accelerate curing. 
There are different ways to find the compressive strength of grout. It can be obtained 
using (i) nonabsorbent cylinder moulds, similar to what is used for concrete (CSA A179, 
2004), (ii) cores taken from a grouted block, or (iii) a rectangular specimen created by 
making a “pin wheel” out of four blocks and grouting the space in the middle of the four 
blocks (ASTM C1019, 2005). The later two methods use absorbent molds or cells where 
the first method uses nonabsorbent molds. Common grout core dimensions for those 
taken from a grouted block are 50 mm in diameter and 100 mm in height. The difference 
between absorbent and nonabsorbent methods can result in different strengths. In actual 
masonry structures, the blocks absorb some water from the grout, which can be seen by 
the wet appearance of some blocks after grouting. This decreases the water to cement 
ratio, creating a higher in-place strength. As a result, the typical increase in strength can 
be as high as 50% or even higher (Drysdale and Hamid, 2005). 
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2.2.3. MORTAR 
There are five types of mortar classified in North America; Types S, N, M, O, and K. 
CSA A179 (2004) recommends using only Type S and Type N for use in engineered 
masonry construction, unless special conditions are present (such as restoration). Type S 
is typically used for structural applications, where type N is generally used for non load 
bearing masonry. A typical mortar joint is approximately 10 mm in height.  
Both mortar and grout can be mixed by one of two methods, either using proportion 
specifications or using property specifications. The proportion specifications use volume 
ratios of the constituent materials to make up the grout or mortar. The property 
specifications are based on the performance of the grout or mortar, most notably the 
compressive strength. This was created to allow for innovative materials and the 
advancement of mortar and grout performance and technology (CSA A179, 2004). 
Mortar is commonly tested to determine two properties: (i) the flow, which is a measure 
or workability, and (ii) the compressive strength, which is a measure of performance. The 
flow is determined using an apparatus called a flow table and the compressive strength is 
determined by making 50 mm x 50 mm x 50 mm cubes which are then compressed to 
failure in a loading machine, most commonly at either 7 days or at 28 days. More detailed 
information can be found in CSA A179 (2004), ASTM C 230 (2003), and ASTM C 109 
(2005). 
 
2.2.4. REBAR 
Steel reinforcement is used in many different applications in masonry. It is placed 
vertically in a wall to increase load carrying capacity or to resist out-of-plane moments. It 
can be used as horizontal reinforcement along the mortar bed for crack control. For 
beams, it can be used as a stirrup to enhance shear capacity, or longitudinally as either 
tension or compression reinforcement. 
Various sizes are available, the most common sizes used are No.10 (10 mm nominal 
diameter) and No.15 (15 mm nominal diameter) bars. When reinforcing concrete block 
masonry it is important to keep in mind the space constraints. Spacing and minimum 
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cover requirements are found in various codes and standards, such as: CSA A371 (2004), 
Australian standard AS 3700 (2003), and MSJC (2008). 
 
2.3. PRISM 
A prism is a masonry assemblage constructed in order to determine the compressive 
strength of the block, mortar, and grout combination (masonry assemblage) that is used in 
masonry construction. Annex D of CSA S304.1 (2004), provides methods for prism 
testing. The ASTM standard, C1314 (2007) also provides similar test methods. As an 
alternative to prism testing, Table 2.1 can also be used to determine the specified 
compressive strength of grouted and ungrouted masonry based on the block and mortar 
combination used in construction (CSA S304.1, 2004). Similar tables are available in 
other codes and standards, such as Table 2.2 (MSJC, 2008). It should be noted that for 
face shell bedded concrete masonry, the MSJC (2008) uses the specified net area of the 
face shells to calculate compressive strength. However, CSA S304.1 (2004) uses the 
effective mortar bedding area.   
Table 2.1: Specified Compressive Strength, Normal to the Bed Joint, f 'm for 
Concrete Block Masonry, MPa (CSA 304.1-04) 
Specified compressive 
strength of unit (average net 
area)*, MPa 
Type S mortar   Type N mortar 
 
Hollow Solid† or grouted   Hollow Solid† or grouted 
40 or more 22 17 
 
14 10.5 
30 17.5 13.5 
 
12 9 
20 13 10 
 
10 7.5 
15 9.8 7.5 
 
8 6 
10 6.5 5  6 4.5 
*Linear interpolation is permitted 
    †For semi-solid concrete block units, the effective cross-sectional area shall be used in 
combination with the f 'm values for solid units. 
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Table 2.2: Compressive Strength of Masonry Based on the Compressive Strength of 
Concrete Masonry Units and Type of Mortar Used in Construction (MSJC, 2008)  
Net area compressive strength of 
concrete masonry units, psi (MPa) 
Net area compressive 
strength of masonry 
psi
1
 (MPa) 
Type M or S mortar Type N mortar 
- 
1900 (13.10) 
2800 (19.31) 
3750 (25.86) 
4800 (33.10) 
1900 (13.10) 
2150 (14.82) 
3050 (21.03) 
4050 (27.92) 
5250 (36.20) 
1350 (9.31) 
1500 (10.34) 
2000 (13.79) 
2500 (17.24) 
3000 (20.69) 
1
 For units of less than 4 in. (102 mm) height, 85 percent of the values listed 
 
2.3.1. PRISM HEIGHT 
According to Annex D of the CSA masonry standard S304.1 (2004), the minimum height 
for a grouted prism constructed from 190 mm concrete block units is 3 courses. This 
minimum requirement is 2 courses, if an ungrouted (hollow blocks) prism is used. Both 
grouted and ungrouted prisms are required to be at least one masonry unit in width. A 
few studies have examined the affect of prism size on the compressive strength, for 
example: Drysdale and Hamid, 1979; Hamid and Chukwunenye, 1986; and Khalaf et al., 
1994. It was found that 2-course prisms do not properly represent the compressive 
strength of masonry construction. This is largely due to the influence of lateral 
confinement at the ends for the 2 block prisms. Hence, a 3-course prism comprised of 
half width blocks exhibited a failure mode similar to that of real masonry walls. These 
conclusions were reached from an experimental study on 2 and 3 block prisms (Drysdale 
and Hamid, 1979). Similar results were found using finite element analysis by Hamid and 
Chukwunenye (1986). They concluded that it was necessary to incorporate at least 2 
mortar joint (therefore, a minimum height of 3 courses). Khalaf et al. (1994) found that a 
three course prisms is the best at evaluating compressive strength. However, they found 
that full-blocks need to be used since half-block prisms overestimated the strength by 
about 25 percent.  
ASTM C1314 (2007) uses a standard concrete block masonry prism constructed of 2 
courses to determine compressive strength. However, there is a height to thickness 
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correction factor for prisms constructed with all other ratios other than 2:1 (which 
represents a 2 course prism). For example, a masonry prism with a height to thickness 
ratio of 3:1 (representing a 3 course masonry block prism) would have a correction factor 
of 1.07 multiplied to the compressive strength obtained. The prism can be constructed 
either a full or half block in width (minimum 100 mm).    
Australian standard AS 3700 (2003) recommends that a height-to-width ratio of between 
two and five, but no less than three courses be used. There is also an aspect ratio 
correction factor for various height-to-thickness ratios. A height-to-thickness ratio of 
5.0:1 corresponds to a correction factor of 1.0. 
 
2.3.2. EFFECT OF GROUT 
A previous study on 146 axial compression tests on prism specimens made of 5 different 
grout mixes found that the average compressive strength for grouted prisms was less than 
that for similar ungrouted prisms. It was also found that an increase in grout strength is 
not an efficient means for increasing the masonry strength (Drysdale and Hamid, 1979). 
This finding is reflected in Table 4 of CSA S304.1 (as shown in Table 2.1 of this 
chapter). However, the Canadian standard specifies the minimum strength for grout as 10 
to 12 MPa (CSA S304.1, 2004). Although the grouted prisms had a lower compressive 
strength, they did have a higher load capacity. However, the strength is not equivalent to 
the sum of the strength of various components (block plus grout). Drysdale and Hamid 
(1979) postulated that this was due to a difference in deformation and failure 
characteristics. 
 
2.3.3. EFFECT OF MORTAR 
Various studies (Drysdale and Hamid, 1979; Hamid and Chukwunenye, 1986; Khalaf, 
1997) have investigated the effect of mortar strength on the prism strength. All of these 
studies found that mortar strength has a minor effect. This is most likely related to the 
fact that the mortar is only a small percentage of the whole assemblage and benefits from 
being confined in the mortar joint. The study by Drysdale and Hamid (1979) was based 
on blocks with a strength ranging from 19.7-32.2 MPa and using Types S and N mortars 
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with a strength of 5.7-18.2 MPa. Hamid and Chukwunenye (1986) used finite element 
analysis and varied the block to mortar modular ratio, Eb to Em. Khalaf (1997) used 24 
MPa blocks with a mortar strength between 9 MPa and 27 MPa. However, it is important 
to note that the CSA standard S304.1 (2004) does show the type of mortar having a larger 
affect as the block strength increases, especially when using 30 MPa or stronger block.  
 
2.3.4. BEARING PLATE 
A steel bearing plate is used between the prism specimen and the loading jack during 
testing. Use of the proper thickness for the bearing plate is important to ensure a uniform 
(or close to it) stress distribution on the prism. This was another aspect that was 
investigated by Hamid and Chukwunenye (1986). They recommended that a steel bearing 
plate with a minimum thickness of 100 mm be used to achieve this. They also stated that 
the most important factor is plate stiffness rather than plate thickness. Therefore, if an 
aluminium bearing plate were to be used, they recommended increasing the thickness to 
200 mm. 
CSA S304.1 (2004) also recognizes the importance of the bearing plate. It states that if 
the spherical head of the test machine (commonly 200-250 mm in diameter) does not 
cover the entire prism cross-section, that an additional steel plate should be used. The 
thickness of the steel plate recommended is equal to the distance from the edge of the 
spherical loading head to the furthest corner of the prism. Specific thickness requirements 
for the spherical head are not given (it is assumed to have an adequate thickness to 
provide a uniform load transfer). Further discussion on bearing plate requirements can be 
found in Drysdale and Hamid (2005). 
 
2.3.5. ELASTIC MODULUS 
The elastic modulus can vary considerable depending on the properties of the constituent 
materials and their interaction. Defining the modulus in relation to the specified 
compressive strength f 'm, is commonly used in various codes, for example CSA S304.1 
(2004), MSJC (2008), and AS 3700 (2003). CSA S304.1 (2004) uses a value of Em equal 
to 850 f 'm where the MSJC (2008) recommends a value of Em equal to 900 f 'm. The 
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Australian standard (2003) uses a combination of block density, grout, and load duration 
to determine the elastic modulus, as shown in Table 2.3. 
Table 2.3: Elastic Modulus for Masonry (AS 3700, 2003) 
Masonry unit type Mortar classification 
Short-term loading 
Em 
Long-term loading 
El 
Concrete units with 
density ≥ 1800 
kg/m
3
 
 
Concrete units with 
density < 1800 
kg/m
3
 
 
Grouted concrete 
masonry 
M3 and M4 
 
 
 
M2 and M3 
 
 
 
Any 
1000 f 'm 
 
 
 
750 f 'm 
 
 
 
1000 f 'c 
500 f 'm 
 
 
 
500 f 'm 
 
 
 
350 f 'c 
 
Earlier studies provided a wide range of values for Em, it varied from 400 f 'm to 1290 f 'm. 
Part of which is due to prism configuration, loading setup, instrumentation and method of 
calculation. More recent data ranges from 800 f 'm to 970 f 'm for modulus of elasticity 
(Drysdale and Hamid, 2005).  
 
2.3.6. TIME EFFECT 
Curing time of a grouted prism affects the compressive strength of the prism, much like it 
does with concrete. One recent study by Thompson et al. (2002) investigated this aspect. 
Five prisms at a time were tested on 14 different days (ranging from 0 to 56 days after 
grouting) totaling 70 prism tested. Prisms were cut from a fully grouted wall section 
yielding a prism half a block in width and four blocks high. The wall was constructed 
using concrete masonry blocks 7 ⅝ in. x 7 ⅝ in. x 15 ⅝ in. (194 mm x 194 mm x 397 
mm). Their results can be seen in Figure 2.3. 
14 
 
 
Figure 2.3: Strength vs. time of grouted prisms (Thompson et al., 2002) 
 
It appears that the prisms continue to gain strength even after 28 days and up to the last 
test series (56 days). The equation used to fit the data is shown in Equation 2.1, where D 
is the number of days of curing for the grout. However, the increase in strength is not as 
pronounced after 28 days. The variations between the 35, 42, and 56 day prisms are such 
that it is difficult to comment with certainty what the gain in strength might be after this 
time. This study (Thompson et al., 2002) was only conducted with one combination of 
grout mix, mortar mix, and block type.   
             (2.1) 
 
2.4. STRENGTH PARALLEL TO THE BED JOINT 
Currently, there is no standard experimental procedure to determine the compressive 
strength of masonry construction parallel to the bed joint. The Canadian standard (CSA 
S304.1, 2004), does however, recommend a relationship between compressive strength 
parallel to the bed joint with the strength normal to the bed joint (f 'm). The compressive 
strength parallel to the bed joint is found by multiplying a reduction factor χ, to the 
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compressive strength normal to the bed joint. This factor is taken as equal to 0.5 where 
compressive forces are applied normal to the head joint and the grout is not horizontally 
continuous in the zone of compression. The reduction factor increases to 0.7 for 
compressive forces applied normal to the head joint and the grout is continuous 
horizontally in the compression zone (CSA S304.1, 2004).  
The issue of grout continuity refers to the interruption by the web of the blocks. Standard 
blocks have the web in place resulting in a χ value of 0.5. When using knockout blocks 
the webs may be removed completely, resulting in a χ value of 0.7. A lintel block may 
also have the same value of χ. Hence, the reduction in strength parallel to the bed joint is 
recommended as 50% as compared to the strength normal to the bed joint (f 'm) even if a 
small portion of the compression zone is intercepted by the web of a block. This is often 
argued to be a very conservative measure. 
In contrast, Eurocode 6 (2001), Australian standard AS 3700 (2003), and MSJC (2008), 
do not specifically mention the affect of grout interruption on the compressive strength of 
flexural members. They do not consider a difference in strength if the grout is interrupted 
by the web of a block or not. In both the Australian standard (2003) and the MSJC (2008) 
the provisions relating to the compressive strength of the masonry in a masonry beam 
(where the compression zone is parallel to the bed joint) also apply to columns and piers 
(where the compression zone is normal to the bed joint). Therefore, the direction of the 
force in relation to the orientation of the block in not considered in these two codes. 
However, in the Eurocode (2001) when calculating the compressive strength of the 
masonry in the compression zone of a beam, the orientation of the block is mentioned. 
Eurocode 6 (2001) states that a block must be tested in the same manner as the force that 
will be applied in order to determine the strength. Hence, according to Eurocode 6 (2001) 
the compressive strength parallel to the bed joint is directly related to the strength of the 
unit in that direction. 
The first experimental work that was undertaken to look specifically into the effect that 
load orientation (parallel versus normal to the bed joint) has on prism strength was by 
Lee et al. (1984). This investigation used one type of block (190 mm x 190 mm x 390 
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mm standard stretcher blocks), two types of mortar (Types N and Type M), and two types 
of coarse grout (average compressive strength of 6.9 MPa and 24.6 MPa). Three prism 
height to thickness ratios: 2:1 (Figure 2.4(a)), 3:1 (Figure 2.4(b)), and 4:1 (Figure 2.4(c)) 
were used. A prism width of 590 mm and thickness of 190 mm were kept constant in all 
the specimens. Three different prism heights were used: 390 mm (Figure 2.4(a)), 590 mm 
(Figure 2.4(b)), and 790 mm (Figure 2.4(c)). This study found that a large increase in 
grout strength only resulted in a small increase in prism compressive strength (prism 
strength increased by 5% to 12% of the increase in grout strength).  
 
(a) height to thickness 
ratio of 2:1 
 
(b) height to thickness 
ratio of 3:1 
 
(c) height to thickness 
ratio of 4:1 
Figure 2.4: Prism configurations used in Lee et al. (1984)
 
This study also indicated that the loading direction did have a large effect. The prisms 
loaded parallel to the bed joint resulted in a decrease in strength of 55-66% for ungrouted 
and 50-55% for grouted specimens. When head space was filled with mortar (Figure 2.5) 
the decrease was approximately 50-58% for ungrouted and 12-27% for grouted. As can 
be seen from the results the filling of the head joint had a large effect when the prism was 
grouted. It should be noted that only regular stretcher block units (190 mm x 190 mm x 
390 mm) were used in preparing all the prism specimens. Hence, the compression zone 
was fully interrupted (for grouted specimens by the webs). However, these load direction 
results were based on different height to thickness ratios ranging from 2:1 to 4:1 and a 
small number of prisms with filled head joints. There were a total of nine prisms (three 
different height to thickness ratios: 2:1, 3:1, and 4:1) loaded parallel to the bed joint with 
17 
 
unfilled head joints plus two prisms (both with different height to thickness ratios) with 
filled head joints for each mortar and grout combination. In addition, there were three 
prisms loaded normal to the bed joint for each mortar and grout combination.  
 
Figure 2.5: A comparison of a filled and an unfilled head joint 
 
A difference in mortar strength did not result in much difference in prism strength when 
loaded normal to the bed joint. However, mortar strength showed a much larger effect 
when loaded parallel to the bed joint. An increase of 15% to 50% strength was shown for 
a difference of mortar strength from 10 MPa to 23 MPa. This was for prisms where the 
head joints were left unfilled. When the head joints are unfilled it causes a void where the 
only contact area is the mortar, which in turn increases the mortars effect on prism 
strength. For the prisms that had mortar filled head joints, the affect of mortar strength 
was less pronounced.   
Around the same time, Wong and Drysdale (1985) were studying the stress-strain 
relationships of prisms loaded either parallel or normal to the bed joint. The prisms 
loaded parallel to the bed joint were constructed of one full block in width, and four 
blocks in height (with prism dimensions of 400 mm width x 200 mm thickness x 800 mm 
height, Figure 2.6(a)). The prisms loaded normal to the head joint were one full block in 
width, and either 2, 3, 4, or 5 courses in height (an example of a 4-course high prism is in 
Figure 2.6(b)). This study found that compressive strength for both hollow and grouted 
prisms compressed parallel to the bed joint was approximately 25% lower than that 
compressed normal to the bed joint. It was also found that the grouted prisms exhibited 
about a 35% reduction in strength compared to that of the hollow prisms when loaded in 
both normal and parallel to the bed joint. This was based on only one block type (190 mm 
x 190 mm x 390 mm stretcher unit) , one mortar type (Type S), and one grout strength 
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(21.8 MPa). Only three prisms were tested for each condition. The results are presented 
in Table 2.4.  
 
(a) Prism used for loading parallel to the 
bed joint 
 
(b) A 4-course prism used for loading 
normal to the bed joint 
Figure 2.6: Prism style used in Wong and Drysdale, 1985
 
Table 2.4: Prism Compression Results (Wong and Drysdale, 1985) 
Prism 
Series 
Direction of 
Load 
Grouted 
(Y/N) 
Number 
of 
Courses 
Number 
of Tests 
Mean f 'm, 
MPa 
COV, 
Percent 
1 Normal to 
the bed joint 
N 2 3 24.8 10.4 
  3 3 21.9 6 
   4 3 22.5 5.7 
   5 3 22.4 4.8 
 
 
     
2 Normal to 
the bed joint 
Y 2 3 18.8 11.6 
  3 3 14.9 9.5 
   4 3 14.5 0.6 
 
 
 5 3 13 3.5 
       
3 Parallel to 
the bed joint 
N 4 3 17.3 7.3 
       
4 Parallel to 
the bed joint 
Y 4 3 10.6 15.6 
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The most recent work found in regard to concrete block masonry loaded parallel to the 
bed joint was conducted by F.M. Khalaf (1997). This experimental study compared the 
difference in strength produced from loading normal to the bed joint versus parallel to the 
bed joint. Different combinations of grouted (filled) and hollow (unfilled) prisms were 
investigated with varying grout and mortar strengths. Three prisms for each specimen 
type with particular grout and mortar combinations were tested (Figure 2.7(a)(b)). In 
addition to the prisms, single block specimens (stretcher unit of 190 mm x 190 mm x 390 
mm) were also used to determine the effect of loading direction (Figure 2.7(c)(d)). The 
results of the prism tests are presented in Table 2.5, and the results of the single block 
tests are shown in Table 2.6. 
 
 
(a) Three course 
prism loaded 
normal to the bed 
joint 
 
 
(b) Two block 
prism loaded 
parallel to the bed 
joint 
 
 
(c) Single block 
loaded normal to 
the bed joint 
 
 
(d) Single block 
loaded parallel to 
the bed joint 
Figure 2.7: Prism and block layout used by Khalaf, 1997
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Table 2.5: Prism Test Results (Khalaf, 1997) 
Specimen 
Type 
Number 
of Tests 
Average 
Compressive 
Strength 
(MPa) 
Standard 
Deviation 
(MPa) 
Grout 
Strength 
(MPa) 
Mortar 
Strength 
(MPa) 
(a) Three-block prisms compressed normal to the bed joint 
Unfilled 3 17.8 1.1 - 9.2 
Unfilled 3 17.4 0.9 - 15.4 
Unfilled 3 21.4 0.4 - 26.5 
Filled 3 15.8 2.0 19.4 9.2 
Filled 3 17.9 0.6 32.0 13.5 
Filled 3 13.8 1.3 8.6 15.4 
Filled 3 11.4 0.2 15.7 15.4 
Filled 3 13.4 1.1 23.5 20.2 
Filled 3 13.9 1.3 10.0 26.4 
Filled 3 14.5 0.2 28.8 26.5 
Filled 3 19.3 1.6 34.0 26.8 
(b) Two-block prisms compressed parallel to the bed joint 
Unfilled 3 22.6 0.8 - 7.3 
Unfilled 3 23.3 1.0 - 10.6 
Unfilled 3 24.0 2.0 - 19.4 
Filled 3 9.1 0.4 5.0 7.3 
Filled 3 11.1 2.0 39.4 7.3 
Filled 3 11.3 0.3 5.0 19.4 
Filled 3 15.3 0.4 22.3 19.4 
Filled 3 11.5 2.1 39.4 19.4 
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Table 2.6: Single Block Results (Khalaf, 1997) 
Specimen 
Type 
Number 
of Tests 
Average 
Compressive 
Strength 
(MPa) 
Standard 
Deviation 
(MPa) 
Grout 
Strength 
(MPa) 
(a) compressed normal to the bed joint 
Unfilled 10 20.0 2.1 - 
Filled 3 19.8 0.7 11.9 
Filled 3 17.6 0.5 12.2 
Filled 3 20.0 1.0 15.7 
Filled 3 23.9 0.7 26.1 
Filled 3 24.9 1.5 29.3 
Filled 3 28.1 2.3 44.7 
(b) compressed parallel to the bed joint 
Unfilled 10 22.2 2.2 - 
Filled 3 11.8 1.9 2.4 
Filled 4 10.5 1.3 6.2 
Filled 6 20.3 2.9 21.2 
Filled 4 16.9 1.0 39.4 
 
 
In contrast to the previous study (Lee et al., 1984), it was found that the mortar strength 
had a minor effect when loaded parallel to the bed joint. An increase in mortar strength of 
166% only resulted in a 6% increase in prism strength. However, the test results obtained 
from loading normal to the bed joint were similar to the previous study (Lee et al., 1984), 
where mortar strength was also shown to have little effect.  
The effect of grout strength when loaded parallel to the bed joint was similar to the effect 
that the grout strength had when loaded normal to the bed joint (a large increase in grout 
strength did not result in a large increase in prism strength).  
With respect to the ungrouted condition, hollow two-block prisms loaded parallel to the 
bed joint were found to be 23% stronger than hollow three-block prisms loaded normal to 
the bed joint. The potential explanation given for this was that the prisms loaded normal 
to the bed joint had a much larger net area which gives a higher statistical chance for 
failure. This is in disagreement with previous work (Lee et al., 1984) where the hollow 
prisms loaded parallel to the bed joint were found to be weaker. However, a direct 
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comparison between these two studies is difficult due to different prism dimensions, 
prism construction, and material properties. 
For the grouted case, there was a reduction in strength for those specimens loaded 
parallel to the bed joint of 16 to 42%. The largest difference occurred at the highest grout 
strength, this could be because the grout acts as a short column for loading normal to the 
bed joint but not in the other direction due to web interruption. No information was 
provided as to whether or not the space in-between the head joint was filled or not. 
 
2.5. STRAIN GRADIENT EFFECT  
When masonry is in flexure; produced by either out-of-plane moments, or in-plane 
moments, a strain gradient develops. Under pure axial compression this is not present. 
One study that directly investigated this issue was conducted by Drysdale and Hamid 
(1983).  
This study used a total of 220 masonry prisms tested under concentric axial load, and in 
axial load with three different eccentricities (at 1/6, 1/3, and 5/12 the prism width). The 
prisms were built by cutting half block width sections from a 3 course high wall section; 
resulting in specimens with dimension of 190 mm wide x 190 mm thick x 390 mm high 
(Figure 2.8). Additionally, block strength, mortar strength, and grout strength were 
varied. A minimum of three prisms were constructed and tested for each combination of 
block strength, mortar strength, and grout strength. The eccentricity was applied to create 
an out-of-plane moment causing compression normal to the bed joint (Figure 2.8). As a 
result, the entire length of the face shell on one face of the prism was at the extreme 
compression fiber. 
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Figure 2.8: Test setup (Drysdale and Hamid, 1983) 
 
The stress at the extreme fiber was analyzed assuming linear elastic behavior. For the 
hollow prisms, the results indicated a small increase in extreme fiber stress at failure, as 
the eccentricity increased. For grouted prisms the increase in eccentricity had a larger 
affect on the extreme fiber stress at failure. At an eccentricity of 5/12 the prism width, the 
maximum stress at the extreme fiber was double the stress of the same prism loaded with 
zero eccentricity. This resulted in slightly higher extreme fiber stress values (for 
eccentricities of 5/12 prism width) for the grouted specimens versus the hollow 
specimens (even though hollow prisms had a much higher compressive strength than the 
grouted prisms when loaded with zero eccentricity). At the largest eccentricity the grout 
plays less of a role and the face shell makes up a larger percentage of the compression 
region. While a doubling of the compressive strength of the extreme fiber is impressive it 
is important to note that it is only for the extreme fiber and that it was for out-of-plane 
moment that resulted in compression normal to the bed joint. 
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Hamid et al. (1990) conducted a study using three prisms and three wall sections to 
investigate the non-linear stress distribution and develop an appropriate flexural strength 
prediction method. The prisms (140 mm wide x 140 mm thick x 440 mm high) were 
loaded under eccentric compression, creating an out-of-plane bending moment 
(compression normal to the bed joint). The strain at failure of the extreme compression 
fiber ranged from 0.0022-0.0027. These strains were calculated using displacement data 
from LVDTs mounted between the top and bottom bearing plates and each corner of the 
prisms. The wall sections (1200 mm wide x 140 mm thick x 2600 mm high) were 
constructed of regular stretcher blocks (140 mm x 190 mm x 390 mm) in a running bond 
and loaded out-of-plane. This study found that an analysis method similar to that used in 
concrete structures was a good predictor of the flexural strength of masonry prisms.  
Both of the above studies investigated the effect of the strain gradient on compressive 
strength at failure of masonry prisms and wall sections. However, the load applied 
created compression normal to the bed joint and thus, neither of these two studies 
investigated the effect of the strain gradient when compression acts parallel to the bed 
joint. In addition, none of the previous studies found in the open literature investigated 
the effect that grout continuity (web interruption) has on compressive strength.  
 
2.6. BEAM 
Concrete masonry beams are generally constructed using a lintel block for the bottom 
course and either regular stretcher, knock outs, or splitter blocks for the top courses. 
Tension reinforcement is provided to compensate for the low tensile strength of masonry. 
Compression reinforcement can also be used to increase the beams capacity without 
increasing the height. There has not been much research done on this topic, especially 
when it comes to larger full-scale specimens.  
 
2.6.1. ANALYSIS 
Current codes and standards, for example: CSA S304.1, 2004; Eurocode 6, 1996; MSJC, 
2008; AS 3700, 2001 use an analysis process that is similar to the procedures used in 
concrete structures. An equivalent rectangular stress block concept is used to find the 
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stress in the compression zone. In the Canadian standard (CSA S304.1, 2004) there is 
also a stress reduction factor “χ” used to account for the different direction of the 
compressive force. The use of an equivalent stress block (similar to Figure 2.9 for 
masonry structures) was supported by various studies (Khalaf, et al., 1983; Suter and 
Fenton, 1986; Hamid et al., 1990). 
 
Figure 2.9: Equivalent stress block method (Drysdale and Hamid, 2005) 
 
Khalaf et al. (1983) conducted tests on three-course and four-course masonry beams with 
varying amounts of tension reinforcement. A total of 8 beams were constructed. Shear 
reinforcement was provided to ensure flexural failure. Five beams failed in a ductile 
mode (under reinforced tension failure) and three failed in a brittle mode (over reinforced 
compression failure). The head joints between blocks on the top-most course only were 
intentionally left unfilled. Single block and two block prisms loaded parallel to the bed 
joint, and also some with eccentricities were used to investigate the masonry behaviour in 
the compression zone. 
Various methods were used to determine the strength of the masonry in the compression 
zone; one and two block prisms, and a table from CAN3-S304-1977, that used block 
strength and mortar type to determine compressive strength. It was found that an f 'm 
based on either the table or a two block prism with an unfilled head joint resulted in the 
most conservative predictions of failure. The two block prism strength was based on the 
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gross area. This would correspond to a reduction in strength of 27% (effectively a χ of 
0.73) if compared to Table 4 of the CSA S304.1 (2004) code. However, the compressive 
strength that best fit the beam results was equivalent to a χ value of approximately 1.4 if 
using an f 'm based on the CSA table for block strength and mortar combination.  
A more comprehensive study was undertaken by Suter and Fenton (1986). The test data 
from a total of 199 beams and 38 walls were used in this study, 140 of which were from 
other researcher‟s work. Approximately, three quarters were concrete block masonry; the 
remainder were clay brick masonry. The concrete masonry beams were one or two 
courses high. A flexural failure was sought, if the beam failed in shear it was banded with 
steel wire and retested until a flexural failure was achieved. Since various methods were 
used by other researchers to determine f 'm, this study tried to develop a common method 
based on either prism tests or using the formulas suggested by Eskenazi et al. (1975) and 
Drysdale and Hamid (1979).  
An attempt to determine parameters that fit better for the equivalent stress block method 
was made by Suter and Fenton (1986). It was found that an equivalent rectangular stress 
block with a constant stress of 1.5 f 'm but a depth of 0.45 the neutral axis depth, gave the 
best overall agreement and prediction for the observed beam results. This implies that 
masonry loaded parallel to the bed joint was stronger than normal to the bed joint or that 
the strain gradient increased the strength. However, this is using a much smaller stress 
block depth than is currently employed (0.45 vs. 0.8). A smaller stress block will also 
create a longer moment arm and therefore larger moment capacity.  
When using a masonry strain of 0.002 and a rectangular stress block depth of 0.85 (which 
is close to what is currently used), the average stress value of 0.85 f 'm was found. The 
maximum strain ranged from 0.002-0.005. The average masonry compressive strain was 
0.0034.  
This study incorporated various types of construction and reinforcement ratios. The issue 
of web interruption was not investigated. The one course beams were made of a single 
lintel course which has continuous uninterrupted grout. The walls had out-of-plane 
moments causing the compression zone mainly in the face shell. Beams comprised of two 
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courses or more had web interruption. The issue of filled or unfilled head joints for the 
two or more course beams is unknown. There were different ways of calculating  f 'm  and 
the inclusion of brick masonry make it difficult to directly compare this work to others.   
 
2.7. SUMMARY 
From the previous work conducted on this topic and presented in this chapter, it can be 
seen that there is evidence to support varying points of view. Some research indicates not 
much difference in strength between loading parallel and normal to the bed joint, while 
other indicates there is a considerable reduction in strength when loaded parallel to the 
bed joint. A potential explanation for this is that: the test methods used to determine these 
results varied, different prism construction and geometry was used (some symmetric, 
some not), different methods for determining the compressive strength were used, the 
issue of grout interruption was not considered, and the head joint condition also varied. 
For these reasons it is difficult to directly compare their results with results from the 
current study.  
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3. EXPERIMENTAL PROGRAM 
 
3.1. MATERIALS 
3.1.1. MASONRY UNITS 
All the masonry units were supplied by Santerra Stonecraft, located in Windsor, Ontario. 
Blocks were delivered in pallets of 75, comprising of 50 standard stretcher blocks and 25 
splitter blocks. Only the stretcher units (with frogged ends) were used in this study. These 
blocks were produced from the same run, insuring the same sources for the materials that 
make up the masonry blocks and also to minimize any other variations (moisture content, 
mixing, humidity, etc). After steam curing, the blocks were wrapped and covered in 
plastic. They were stored outdoors then moved inside at least a few weeks prior to 
constructing the specimens. 
All blocks were based on US customary units, resulting in slightly different block 
dimension than those produced according to metric units. The block dimensions were 194 
mm x 194 mm x 397 mm (7 5/8 in. x 7 5/8 in. x 15 5/8 in.). Although, individual block 
dimensions varied within ± 2 mm. Block units were tested for compressive strength, 
absorption, and density. These tests were conducted at the block manufacturer‟s fully 
certified testing lab, using their equipment and under the supervision of a certified 
technician.  
A target compressive strength of 18 MPa to 20 MPa was specified to the block producers. 
The compression test was carried out in accordance with CSA A165.1 (2004). Block 
units tested were chosen at random from the lot. The blocks were all aged past 28 days. 
The blocks were capped using hydro stone on top and bottom (Figure 3.1(a)). The 
capping was applied to the entire surface (face shell and webs). The blocks were prepared 
on a level table using a lightly greased glass plate to level the capping (Figure 3.1(b)). 
The first side was left to cure one day before the second side was capped. Each block was 
tested for levelness using a torpedo level placed on the glass plate (Figure 3.1(c)). After 
the second side had cured for one day, the blocks were placed in the testing machine and 
loaded until failure. An example of a typical failure can be seen in Figure 3.1(d). 
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(a) Block capping 
 
 
(c) Leveling the plate 
 
(b) Capping plate 
 
 
(d) Tested block specimen 
Figure 3.1: Block capping and testing
    
Initially, five blocks were tested but the coefficient of variation (10%) was slightly higher 
than desired, but still within the 15% required by CSA A165.1 (2004). However, an 
additional five blocks were tested to produce a larger sample size and reduce the 
coefficient of variation. 
The blocks were measured using an electronic caliper to ensure that their dimensional 
variations meet the requirements according to CSA A165.1 (2004). 
To determine the absorption rate of the blocks, they were first weighed to get an initial 
weight. They were then fully submersed in a tank for 24 hrs. After this time they were 
weighed suspended in water (submersed weight), then removed, pat dried for one minute 
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then weighed again (wet weight). Finally, they were dried in an oven for 24 hrs then 
weighed to obtain the dry weight. 
      (3.1) 
          (3.2) 
The density was found by using the immersion method. The wet weight, dry weight, and 
suspended weight were found in the same manner as those for the absorption 
calculations.  
       (3.3) 
 
3.1.2. BLOCK CUTTING 
In order to produce varying amounts of web interruption, a portion of the blocks webs 
had to be removed. To accomplish this, an electric wet saw with a 500 mm diameter 
blade was used, and is shown in Figure 3.2 below. 
 
Figure 3.2: Wet saw 
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Mechanical stops were put in place to create a consistent cut depth. Five passes were used 
to create “fingers” which were then knocked out and any protrusions were chipped away. 
This resulted in a variation of ± 2 mm. To reduce the block variation from the 
manufacturing process (the web thickness varied from side to side as well as top to 
bottom) the blade was set to cut into the face shell enough to leave a constant face shell 
thickness of 34 mm. This is illustrated in Figure 3.3. 
 
 
(a) Typical block cutting 
 
(b) Typical block after web cutting 
Figure 3.3: Block cutting 
 
3.1.3. MATERIALS 
In addition to the masonry units; cement, lime, sand, and rebar were also required to 
construct the test specimens. A type 10 Portland cement was used for both the mortar and 
the grout. Hydrated lime was used for the mortar. Both the cement and lime are of 
acceptable types according to CSA A179 (2004).  
Fine sand that conformed to the CSA A179 (2004) specification was used in both the 
mortar and the grout. To insure the sand met the specifications, a gradation was 
performed using a sieve analysis. A 20 kg sample was taken, then continuously split until 
roughly 500 grams were left. The sample was then placed in a stack of sieves and 
inserted into the shaker (Figure 3.4). The shaker was then turned on for a few minutes 
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allowing the sample to pass through the sieves until it was retained on a sieve that had a 
smaller mesh spacing than the individual grain size. The results, along with the upper and 
lower limits recommended in CSA A179 (2004) are shown in Figure 3.5. 
 
Figure 3.4: Sieve shaker 
 
 
Figure 3.5: Sand gradation results 
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Pull tests were conducted according to ASTM A370 (2008) on the rebar that was used for 
the longitudinal tensile reinforcement. The steel used for shear reinforcement (stirrups) 
was not tested. Test specimens were cut from one of the bars then turned on a lathe to 
create the proper profile. The specimen was then placed in the testing machine, an 
extensometer was attached and then it was pulled until failure. In addition to pull testing, 
a materials property sheet was obtained by the manufacturer. Below is a photo of a failed 
specimen (Figure 3.6(a)) and also the INSTRON testing machine (model 1332) (Figure 
3.6(b)). 
 
(a) Failed rebar test specimen 
 
(b) INSTRON pull test machine 
Figure 3.6: Pull test specimen and machine 
 
3.1.4. MORTAR 
A Type S mortar in accordance with CSA A179 (2004) was used for the construction of 
all the prisms and beams. To ensure as accurate as possible batching, the materials were 
weighed for each batch. Using material densities of 1505 kg/m
3
 for cement, 640 kg/m
3
 
for lime, and 1280 kg/m
3
 for sand, the resulting volume proportions were 1:0.5:4 
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(cement: lime: sand). The actual batch size used is shown in Table 3.1. Water was added 
to achieve the desired spread (100-115%). Retempering of the mortar was not permitted. 
Six mortar cubes, measuring 50 mm x 50 mm x 50 mm, were cast for each batch, three 
were used to determine 28 day strength, and the remaining three specimens were used to 
determine test day compressive strengths. 
Table 3.1: Mortar Batch Size Used 
Material Mass (kg) 
Cement 7.7 
Sand 28.5 
Lime 1.6 
Water 6.8
1
 
Total 43.3 
1 The amount of water varied slightly 
depending on the mortar spread 
 
The spread was determined using a mortar flow table (Figure 3.7(a)). The brass mould 
was filled, rodded, and struck off flush with the top. Then the brass mould was removed 
(Figure 3.7(b)). The crank was turned 25 times, then the spread (or flow), was measured 
in three directions with the flow being the average of the three (Figure 3.7(c)). 
 
 
(a) Test apparatus 
 
(b) Removal of the mould 
 
(c) Mortar flow 
Figure 3.7: Mortar flow test sequence 
 
Six mortar cubes were cast for every batch of mortar used. A 50 mm x 50 mm x 50 mm 
nonabsorbent mould was used (Figure 3.8). The mortar cubes were left uncovered to cure 
for between one to three days then demoulded and stored under the same conditions as 
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the corresponding prism or beam. Three cubes were tested at 28 days while the remaining 
three were tested the day the prism or beam specimens were tested. 
 
 
Figure 3.8: Mortar cube moulds 
 
Compression tests were conducted using a Riehle compression testing machine (Figure 
3.9(a)). The machine has a capacity of 1300 kN with a variable loading rate and multiple 
load ranges. Each cube was centered under the loading head then compressed until failure 
(Figure 3.9(b)). After the mortar cube reached 30% of the expected maximum load, the 
controls were adjusted so that a remaining load was applied at uniform rate (0.23 
MPa/sec), with failure occurring in 30 to 90 seconds.  
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(a) Testing machine controls 
 
 
 
 
(b) Mortar cube ready for testing 
Figure 3.9: Compression testing machine 
 
3.1.5. GROUT 
Fine grout was used in all the specimens. A target 28 day cylinder strength of 18 MPa to 
20 MPa was desired. The proportions by volume were 4:1 (sand: cement). Enough water 
to achieve a slump of approximately 270 mm was used. There were no admixtures added. 
The materials were proportioned by mass using their density and the desired volume to 
find the mass ratio required. A density of 1280 kg/m
3
 for sand, and 1505 kg/m
3
 for 
cement was used. Two different batch sizes were used depending on the mixers capacity; 
the 0.1m
3
 batch shown in Table 3.2. 
Table 3.2: Grout Batch Size Used (0.1m
3
) 
Material Mass (kg) 
Sand 141.5 
Cement 41.6 
Water 36.7
1
 
Total 216.8 
1The amount of water varied 
slightly depending on the grout 
slump 
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The grout was mixed in batch sizes or either 0.1 m
3
 or 0.25 m
3
, depending on the location 
the specimens were cast and the capacity of the mixer used. All the prisms and the first 
six beams were cast at the University of Windsor where the mixers capacity is 0.1 m
3
. A 
single batch was required to grout each set of prisms. Each beam required multiple (six) 
batches of grout. The last six beams were constructed at another location where a 0.25 m
3
 
mixer was used. Every batch mixed for use in the prisms was tested. Only two batches 
per beam were tested. For those beams cast at the University of Windsor this meant only 
two of the six batches required to grout each beam was tested. Care was taken to ensure 
the batch used in the center of the beam was always one of the two. For the beams cast at 
an outside location, using the higher capacity mixer, every batch was tested (each beam 
only required two batches of grout).  
For those batches tested, the slump was taken first, and then three cylinders were cast. 
Three block cells were also filled which were used later to produce the grout cores. The 
grout cores were used to simulate the in-place condition of the grout which can 
experience an increase in strength due to the absorption of water by the blocks from the 
grout. Since there was only one set of cylinders and cores available for each set of prisms, 
they were tested the same day the prisms were. The beams had two sets of cylinders and 
cores per beam, therefore, one batch was tested at 28 days and the other was tested the 
same day as the beam. 
The slump was tested using a standard 300 mm slump cone with procedures outlined in 
CSA A23.2 (2004) (Figure 3.10(a)). After casting, the specimens were covered with a 
polyethylene tarp or plastic for seven days (Figure 3.10(b)(c)). After uncovering, the 
specimens remained in ambient lab conditions to cure until testing.  
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(a) Slump test 
 
(b) Test specimens 
 
(c) Specimens curing 
Figure 3.10: Slump and test specimens 
 
The cylinders were cast in 100 mm x 200 mm non-absorbent plastic moulds. To create 
the grout cores, the three grouted block cells were cored out on test day using a 50 mm 
diameter core drill (Figure 3.11). After coring they were cut to a height of 90 mm in order 
to keep the same height to diameter ratio as the cylinders (grout core diameter was 45 
mm).  
 
(a) Grout coring drill 
 
(b) Grout core and block 
Figure 3.11: Grout coring
The compression tests for the grout cylinders and cores were undertaken on the same 
testing machine (Riehle) as was used for the mortar cubes. Due to the unevenness of the 
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top and bottom surface of each cylinder/core, a sulfur capping compound was used to 
ensure a level loading surface (Figure 3.12).   
 
(a) Grout cylinders 
 
(b) Grout cores capped 
Figure 3.12: Capping for grout cores and cylinders 
 
After capping, the cylinders/cores were placed and centered in the loading machine. A 
linear potentiometer was installed between the two loading plates to measure the 
deformation and strain over the entire height of the specimen (Figure 3.13). This strain 
combined with the loading stress data was used to find the modulus of elasticity, which 
was taken as the slope of the linear part of the stress versus strain curve. 
 
Figure 3.13: Grout cylinder testing 
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3.2. PRISM SPECIMENS 
Prism dimensions of approximately 800 mm x 395 mm x 194 mm were built and used to 
determine compressive strength. A total of 29 prisms were built and tested. Each prism is 
identified with a name. The name labeling is based on the prisms parameters: the first 
term denotes that it is a prism (P), the second term is a numerical designation (given in 
the order of their testing sequence), the third term identifies the grout condition (G for 
grouted and U for ungrouted), the fourth term indicates the direction of the applied load 
(N for normal to the bed joint and P for parallel to the bed joint), and the last term, if 
applicable, identifies the amount of grout interruption caused by the block webs (in %). 
Table 3.3 lists this methodology. 
Table 3.3: Prism Labeling Methodology  
 
 
The test matrix is shown in Table 3.4. Five specimens for each prism type, with the 
exception of hollow prisms loaded normal to the bed joint (specimens P6UN to P9UN in 
Table 3.4) were tested. Specimen P10UN was damaged and not tested. The parameters 
that differed among these specimens were: (i) loading direction, (ii) grouted or ungrouted, 
and (iii) percentage of interruption in the grout area. All the prism specimens were 
constructed with a running bond. Those prisms loaded parallel to the bed joint were built 
with a half block on each side of the centre block to achieve symmetry in geometry about 
the centre line. Figure 3.14 shows cross-sectional views of the prism specimens. 
Term Symbol
1 P P-prism
2 # (ie. 1,2,3) #-numerical identifier
3 G/U G-grouted
U-ungrouted
4 N/P N-loaded normal to the bed joint
P-loaded parallel to the bed joint
5 %
Meaning
%-percentage of web interruption 
(if applicable)
Example: P22GP62 is prism (P) number 22 (#) grouted (G) loaded parallel to 
the bed joint (P) with 62 percent grout interruption (%)
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Table 3.4: Prism Test Matrix 
Specimen 
Name 
Number 
of 
Specimens 
Grouted or 
Ungrouted 
(G/U) 
Direction of 
Loading (N/P) 
Interruption 
in Grout 
Area (%) 
P1- P5GN 5 G-grouted N-normal to bed joint N/A 
P6- P9UN 4 U-ungrouted N-normal to bed joint N/A 
P11- P15GP38 5 G-grouted P-parallel to bed joint 38 
P16- P20GP62 5 G-grouted P-parallel to bed joint 62 
P21- P25GP100 5 G-grouted P-parallel to bed joint 100 
P26- P30UP 5 U-ungrouted P-parallel to bed joint N/A 
 
 
(a) P1-P5GN and 
P6-P9UN 
 
(b) P11-15GP38 
 
(c) P16-20GP62 
 
(d) P21GP100 and 
P26-30UP 
Figure 3.14: Prism cross section 
 
Prisms P1-P5GN and P6-P9UN are comprised entirely of unaltered full (Figure 3.15(a)) 
and half (width) stretcher blocks (Figure 3.15(b)). These half stretcher blocks were 
created by making a single vertical cut across the block at the center. The two full blocks 
in prisms P11-15GP38 and P16-20GP62 have an equal amount of web material removed 
from the top and the bottom leaving a 60 mm web at the center of the block (Figure 
3.15(c)). The half height blocks on either side of prisms P11-15GP38, P16-20GP62, P21-
25GP100, and P26-30UP are created by cutting along the length of a regular stretcher 
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block (Figure 3.15(d)). Only the top halves were used and the bottom halves were 
discarded to maintain symmetry about the centerline. In the case of prisms P11-15GP38, 
these half height blocks had a portion of the web removed (Figure 3.15(e)). The two full 
blocks used for prisms P21-25GP100 and P26-30UP, were unaltered full stretcher blocks 
(Figure 3.15(a)).  
 
(a) Block used in prisms 
P1-5GN, P6-9UN, P21-
25GP100, and P26-30UP 
 
(b) Block used in prisms 
P1-5GN and P6-9UN 
 
(c) Full-height block with 
cut webs used in prisms 
P11-15GP38 and P16-
20GP62 
 
(d) Half-height block used in prisms 
P11-15GP38, P16-20GP62, P21-
25GP100, and P26-30UP 
 
(e) Half-height block with cut webs used 
in prisms P11-15GP62
Figure 3.15: Blocks used for prism construction 
 
The amount of web interruption refers to the amount of grout in the compression zone 
that is not permitted to form continuous grout columns (in the direction of compression) 
by the presence of block webs. This is a term that is only applied to compression parallel 
to the bed joint. For these prisms the amount of web interruption was calculated by 
dividing the width of the prism where the vertical grout column is interrupted (by the 
presence of a block web), by the total width of the prism (Figure 3.16). 
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Figure 3.16: Percentage of web interruption calculation 
 
These six prism groups were chosen to investigate the effect of load direction (parallel to 
the bed joint versus normal to the bed joint) and the effect of web interruption. These 
effects are similar to what is present in the compression zone of a concrete masonry 
beam. Therefore, these results will be used in conjunction with full scale beam tests for a 
better understanding of beam behaviour. The hollow prisms were introduced to obtain 
additional insight into the difference between grouted and non-grouted behaviour.  
 
3.2.1. CASTING AND CURING 
All 29 prisms were cast during a three day period by an experienced mason from the 
Ontario Masonry Training Centre, located in Mississauga, Ontario. One week after 
construction, the prisms were grouted. For placement, the grout was loaded from the 
mixer into wheelbarrows then scooped/poured into the prism. Once placed, the grout was 
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rodded using a long slender wooden pole to ensure the grout filled all voids. Vibration 
was tested as a possible consolidation method but due to the high slump it tended to 
induce segregation and therefore not used. After grouting, the prisms were covered with a 
polyethylene tarp with buckets or water underneath to create a high humidity curing 
environment for seven days with an ambient temperature of 20-30
o
C. Three grout 
cylinders and three grout cores were cast for each set of prisms. 
Prism specimens were prepared for testing between 116 to 197 days after grouting. 
Testing could have commenced after 28 days, however, a few delays pushed the start of 
the prism testing back.  
3.2.2. TEST SETUP 
To prepare the specimens for testing they were hard capped using “Hydrocal 105” (a 
plaster of Paris product). A 75 mm base plate and 50 mm top plate were used. An 
additional 100 mm base plate and 100 mm top loading plate were used during loading as 
shown in Figure 3.17 below. 
 (a) Sketch of prism test setup 
 
(b) Photo of prism test setup 
Figure 3.17: Prism test setup 
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The specimens were centered under a hydraulic load jack and load cell. A 2000 kN 
capacity compression load cell was used to measure the load applied. A calibration was 
conducted prior to the first test and again after the completion of all the tests. The 
calibration was only conducted to a maximum load of 1250 kN due to limitations in the 
load capacity of the calibrating equipment. Since, the calibration data was linear within 
the 1250 kN load, this data was extrapolated to a 2000 kN load. The load was applied 
through a half-sphere connection (spherical head) which was seated on the top load plate 
(Figure 3.18).  
 
Figure 3.18: Loading sphere 
 
In order to measure the modulus of elasticity of the prism specimens, four linear 
potentiometers, two on each side (model: S13FLP12A) were installed (Figure 3.19(a)). 
The maximum travel for this model of linear potentiometer is 12.5 mm. They were 
installed at a distance of 75 mm away from the edge. A plastic coated steel wire was 
attached to one end of the instrument and the other end was fixed to a screw. The 
effective gauge length was 595 mm. The gauge length was measured as the distance 
between the screws which affix the linear potentiometer and the wire. The gauge length 
included three mortar joints for those prisms loaded normal to the bed joint (Figure 
3.19(b)) and two mortar joints for those loaded parallel to the bed joint (Figure 3.19(c)). 
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(a) Linear potentiometer 
 
(b) Three mortar joints 
 
(c) Two mortar joints
Figure 3.19: Linear potentiometer layout 
The linear potentiometers were removed after about 60% of the anticipated failure load 
was applied to avoid damage. Once loading recommenced, failure occurred in about 1-2 
minutes. The data was recorded using a Datascan 7321 data acquisition system, which 
acquired test data at one scan per second. 
  
3.3. BEAM SPECIMENS 
A total of 12 beams were constructed and tested in order to determine the compressive 
strength parallel to the bed joint and influence of web interruption on the compressive 
strength parallel to the bed joint when a strain gradient is present. Name labeling of the 
beam specimens is based on the beams parameters: the first letter denotes that it is a beam 
(B), the second term is a numerical designation (beam number), and the third term in 
parentheses indicates the amount of grout interruption, in percent, caused by the block 
webs. Table 3.5 lists this methodology and Table 3.6 summarizes the test matrix. 
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Table 3.5: Beam Labeling Methodology 
 
Table 3.6: Beam Test Matrix 
Specimen Courses Length 
% Web 
Interruption 
Reinforcement 
B1-3(100) 4 8 meters 100% 4 No.25 
B4-6(100) 4 8 meters 100% 6 No.25 
B7-9(47) 4 8 meters 47% 6 No.25 
B10-12(32) 4 8 meters 32% 6 No.25 
 
Beams B1-6(100) were made of a bottom course of lintel blocks (Figure 3.20(a)) with the 
upper three courses of regular unaltered stretcher blocks (Figure 3.20(b)). This resulted in 
the webs horizontally interrupting the grout 100% (the small mortar bed area between the 
courses is not considered for this case). The difference between B1-3(100) (Figure 
3.20(c)) and B4-6(100) (Figure 3.20(d)) is the amount of reinforcement. Beams B1-
3(100) was built with 4 No.25 bars (two rows of two bars each) and beams B4-6(100) 
used 6 No.25 bars (three rows of two bars each). The two extra bars were added to ensure 
the steel does not yield before the beam fails in compression. 
 
 
 
Term Symbol
1 B B-beam
2 # (ie. 1,2,3) #-numerical identifier
3 %
Meaning
%-percentage of web interruption 
Example: B8(47) is beam(B) number 8 (#) with 47 percent grout 
interruption (%)
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(a) Stretcher 
block 
(b) Lintel block 
 
(c) B1-3(100) 
 
(d) B4-6(100)
Figure 3.20: B1-6(100) layout and blocks used 
 
Beams B7-9(47) and B10-12(32) have the same amount and arrangement of reinforcing 
steel as beams B4-6(100) but with a different amount of web interruption. The bottom 
course was also a lintel block; however, the top three courses were altered blocks (Figure 
3.21(a)(b)) creating a different amount of web interruption. The blocks used in B7-9(47) 
(Figure 3.21(a)(c)) had 53% of the web height removed, resulting in 47% horizontal web 
interruption of the grout. The blocks used in B10-12(32) (Figure 3.21(b)(d)) had 68% of 
the web height removed, resulting in 32% horizontal interruption of the grout. The 
percent of web interruption is calculated as in Figure 3.22. 
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(a) Block used 
in B7-9(47) 
(b) Block used 
in B10-12(32) 
 
(c) B7-9(47) 
 
(d) B10-12(32) 
Figure 3.21: B7-9(47) and B10-12(32) layout and blocks used 
 
 
Figure 3.22: Percentage of web interruption calculation for beams 
 
3.3.1. CONSTRUCTION 
Two different locations were used to construct the beams. Beams B1-3(100) and B7-
9(47) were constructed at the University of Windsor structural testing lab and beams B4-
6(100) and B10-12(32) were constructed at an outside facility. Due to limitations in lab 
space at the University of Windsor, an outside facility was required for casting six beam 
specimens at the same time. However, the construction process was unchanged. 
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3.3.1.1. REBAR CAGE 
Steel stirrups were used to provide shear reinforcement. The masonry shear resistance 
would not have been adequate to prevent a shear failure, therefore, shear reinforcement 
was necessary. No.10 (10 mm nominal diameter), grade 400 (400 MPa yield strength), 
single legged stirrups were used. Due to the large amount of longitudinal reinforcement 
and corresponding tight spacing, it was necessary to constructed rebar cages prior to 
block placement. To avoid any potential effects on the compressive behaviour of the 
masonry, no shear stirrups were provided in the constant moment region of the beam. 
To construct the rebar cage; wooden templates were used to maintain consistent rebar 
spacing. First, four bars were inserted into the template, the template was then slid ahead 
and another template placed on the end (Figure 3.23(a)). This created an area with a 
consistent spacing. The stirrups were then attached with tie wire at pre-marked 200 mm 
intervals (Figure 3.23(b)).  
 
(a) Wooden templates used 
 
(b) Wire ties used 
Figure 3.23: Rebar tying
   
The stirrups were alternated on either side of the bars to create better balance. In order to 
create lift points, a double legged stirrup was used at the one-quarter beam length points. 
For the beams that required 6 longitudinal bars, a spacer was placed between the middle 
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and top row, and then the top row was secured to the stirrups using wire ties. Some of 
these features can be seen in Figure 3.24 below.  
 
Figure 3.24: Rebar as constructed 
 
3.3.1.2. STRAIN GAUGES 
In order to determine the amount of strain present in the steel, Omega SGD-3/350-LY11 
strain gauges were used. They have a gauge length of 3 mm and resistance of 350 ohms. 
These gauges were placed at mid-span for every bar, and also at a distance of 1.2 and 2.4 
meters from mid-span for one bar (in the second row). The strain gauges were applied as 
per the manufacturer‟s recommendations. To create a flat surface, a small section of the 
bar had to be ground down using a grinder. Care was taken to only grind into the bar as 
least as possible (to limit the amount the cross section is reduced).  
 
3.3.1.3. BLOCK LAYING 
An experienced mason laid the blocks. First, the bottom lintel course was laid, and then 
the rebar cage was positioned inside. With the rebar in place, the blocks had to be laid 
around the stirrups. First the ends of the beam were built up (Figure 3.25(a)), then the 
remaining length was laid (Figure 3.25(b)). 
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(a) Built up beam end 
 
(b) Mason laying block 
Figure 3.25: Beam block work
  
3.3.1.4. WELD END PLATES 
A few days after initial construction, steel end plates were welded on (Figure 3.26). This 
was done to ensure the bars would not slip at the ends during loading. This also served as 
a stop so the grout would not flow out. 
 
Figure 3.26: Steel plate welded to the rebar 
 
3.3.1.5.  GROUTING 
After approximately 7 days, the beams were grouted. Grout was mixed in either 0.1 m
3
 or 
0.25 m
3
 batches depending on which site (and mixer) was used. The grout was dumped 
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into wheel barrows then poured into the beams using scoops. A wooden stick was used to 
rod the cells and ensure proper placement. The beams were overfilled slightly then after 
roughly one hour the excess was struck off (Figure 3.27(a)). After grouting, the beams 
were covered with polyethylene tarps or plastic for 7 days (Figure 3.27(b)) with buckets 
of water placed underneath to increase the humidity. 
 
(a) Grout struck off 
 
(b) Beams covered for initial curing 
Figure 3.27: Beams after grouting 
 
3.3.1.6. TRANSPORTATION 
For those beams (B4-6(100) and B10-12(32)) constructed outside of the University of 
Windsor‟s testing lab, they were transported to the University after 28 days of curing. 
Beams B1-3(100) and B7-9(47) were cast at the University of Windsor‟s structures 
laboratory and did not require transport. 
 
3.3.2. TEST SETUP 
Each beam was setup and tested in the same manner using the same instrumentation. A 
total of 28 measuring devices were used: 8 strain gauges, 10 linear potentiometers (LPs), 
5 Linear Variable Differential Transformers (LVDTs), and 5 load cells. Figure 3.28 
shows a photo and schematic of the test setup and Figure 3.29 shows various details. 
54 
 
(a) Sketch of beam test layout 
 
 
(b) Actual beam test layout 
Figure 3.28: Beam test layout overview 
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(a) Details of the beam mid-span 
 
(b) Details of the west end 
 
(c) Details of the east end 
Figure 3.29: Various details 
 
56 
 
3.3.2.1. INSTRUMENTATION 
A strain gauge was installed at the mid-span of each bar. Additionally, two strain gauges 
were installed at a distance of 1.2 m and 2.4 m from the mid-span of one bar (on the 
second row from the bottom). As a result, a total of eight strain gauges for B4-6(100), 
B7-9(47), and B10-12(32) and six strain gauges for B1-3(100) were used. For beams B1-
3(100) there were also two additional strain gauges placed on the grout in the centre of 
two adjacent cells at the mid-span of the beam, to make an attempt to measure the 
localized compressive strain of the grout at the extreme compression fibre. This data 
could then be compared to the strain obtained from the linear potentiometer (with a larger 
gauge length). However, no useful strain data could be obtained from these strain gauges. 
Hence, no strain gauges were used on the grout for the subsequent beams. For the rebar a 
gauge with a 3 mm grid length was used, where a 30 mm grid length was used for the 
grout. A strain gauge with a longer grid length was used for the grout due to the potential 
variation in the grout local behaviour. 
The linear potentiometers (LPs) were used to measure the strain gradient that developed 
during loading of the beam specimens. Six LPs were installed at a spacing of 75 mm on 
the south face of the beam (Figure 3.30(a)). Two were placed at a spacing of 150 mm on 
the north face (Figure 3.30(b)). Two were also located on the top of the beam, 50 mm 
away from the north and south face edges (Figure 3.30(b)). The LPs were mounted on 
small aluminium base plates with two holes used for easier mounting. Tapcon screws 
were used to mount the base plates to the beam. A nylon coated steel wire was attached to 
one end of the LP and the other to another screw. This created an effective gauge length 
(from LP mounting screws to other screw) of 520 mm.  
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(a) South face 
 
(b) North face 
Figure 3.30: LP layout 
 
The LVDTs were used to measure the following displacements: (a) deflection at mid-
span of the beam (Figure 3.31(a)), (b) the stroke applied through the loading jack (Figure 
3.31(b)), (c) west and east end displacement (Figure 3.31(c)(d)), and (d) out-of-plane 
displacement at mid-span, 70 mm below the top surface of the beam (Figure 3.31(e)). 
LVDTs used in this study had a 150 mm stroke. They were installed in the same location 
for all the beams.  
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(a) Under the beam at mid-span 
 
(b) Top of the spreader beam 
 
(c) West end 
 
(d) East end 
 
(e) Out-of-plane (view 
from the south face) 
Figure 3.31: LVDT placement 
 
Five load cells were used to determine the applied load and reactions. A load cell of 890 
kN (200 kips) capacity was used under the loading jack. From there the load was 
transferred to a 1.2 meter long steel spreader beam with two 222 kN (50 kips) capacity 
load cells fixed to either end (with a centre to centre distance of one meter) which then 
transferred the load to the masonry beam which was being tested. Two load cells of 445 
kN (100 kips) capacity were used at the two end supports of the masonry beam.  
In order to create a constant moment region at the centre of the beam, a 1.2 metre long 
steel spreader I-beam was used (Figure 3.32). The centre to centre span of the pin and 
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roller supports was 1.0 metres. It is worth noting that there were no stirrups used in this 
constant moment region. Based on a static analysis, the region should have zero shear.  
 
Figure 3.32: Spreader beam 
 
3.3.2.2. SUPPORTS 
Loading plates were used in all locations where load was being applied or reactions 
developed to eliminate localized crushing due to concentrated point loads. For the loads 
being applied via the loading beam, 200 mm x 150 mm, and 6 mm thick steel bearing 
plates were used. A thin layer of capping compound was used to seat the plate and to 
make minor levelling adjustments (Figure 3.33(a)). This also insured that the plate had 
full contact with the top of the masonry beam. At the supports a 200 mm x 200 mm steel 
bearing plate was used. This plate was inserted between the support (roller or knife) and 
the masonry beam during setup (Figure 3.33(b)). 
 
 
 
60 
 
 
(a) Loading beam 
 
(b) Support 
Figure 3.33: Load plates
A pin and roller support combination was used for simulation of a pin-roller boundary 
condition. To create the pin support, a 30 mm x 30 mm square steel bar was placed in a 
groove to restrict lateral movement but allow rotation (Figure 3.34(a)). For the roller 
condition, a 30 mm diameter round steel bar was placed between the steel plate attached 
to the load cell and the bearing plate to allow both lateral movement and rotation. For 
beams B1-3(100) the roller was allowed to sit in the groove (Figure 3.34(b)), which may 
not have simulated perfectly pin-roller boundary conditions for these beams. Hence, for 
the following beams (B4-6(100), B7-9(47), and B10-12(32)), the load cell plate was 
turned a quarter turn so that the roller sat on a flat surface (Figure 3.34(c)). The 
conditions were the same for where the load was applied from the spreader beam to the 
top of the beam. 
 
 
 
PLATE 
PLATE 
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(a) Pin at support 
 
(b) Roller at support          
B1-3(100) 
 
(c) Roller at support B4-
6(100), B7-9(47), and 
B10-12(32) 
Figure 3.34: Support conditions 
 
A Megadeck data acquisition system was used to collect the data. For the first few beams, 
the scan rate was varied from two to ten readings per second to determine an optimum 
number of readings. Finally, five reading per second was found to be the best choice. 
This created a sufficiently large amount of data prior to reaching the cracking moment 
(when the load increased quickly) and was also sufficiently small enough to keep the data 
set manageable.  
 
3.3.2.3. LOADING 
The load was applied with a hydraulic loading jack (Figure 3.35(a)). A motorized pump 
was attached to the jack (Figure 3.35(b)). The load was applied at a rate such that failure 
would occur between 5-10 minutes after 50% of the maximum load was applied.  
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(a) Hydraulic jack 
 
 
(b) Hydraulic pump 
Figure 3.35: Hydraulic jack and pump 
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4. MATERIAL PROPERTIES 
 
4.1. MASONRY UNITS 
Tests were conducted at the Santerra Stonecraft block production plant in McGregor, 
Ontario. Absorption, density, mass, and compression tests were conducted according to 
CSA 165.1 (2004) and ASTM C 140 (2008) specifications. The test procedures are 
discussed in Chapter 3. Initially, tests were conducted on five blocks. However, after 
analyzing the results, compression tests were conducted on five additional units (as 
discussed in Section 3.1.1). The unit properties were only found for the stretcher blocks 
(since the splitter blocks were not used, and the lintel block were only used in the tension 
zone of the beams). The results are summarized in Table 4.1 below.  
Table 4.1: Block Properties 
Block 
Absorption 
(%) 
Density 
(kg/m3) 
Compressive 
Strength (MPa) 
1 5.8 2110 21.4 
2 5.5 2120 23.5 
3 5.8 2120 24.5 
4 5.5 2130 28.1 
5 6.0 2100 24.4 
6 - - 25.9 
7 - - 26.3 
8 - - 28.2 
9 - - 26.0 
10 - - 26.1 
Average 5.7 2120 25.4 
C.O.V. (%) 3.8 0.5 8.1 
 
 
Based on these results, the average block compressive strength (fb) was found to be 25.5 
MPa. The specified block compressive strength (f 'b), according to CSA A165.1 (2004), 
was found to be 22.1 MPa. The intention was to have a block strength around 20 MPa. 
However, the blocks produced for this study are produced and sold as the manufactures 
lowest rated concrete blocks, with a specified strength of 15 MPa. Therefore, it was not 
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possible to acquire lower strength blocks without using a modified mix. In addition, these 
blocks were tested well past 28 days, therefore increasing the compressive strength. 
Additional measurements and calculations were made to ensure that the blocks satisfied 
the production standards laid out in CSA A165.1 (2004) for block dimensions. 
  
4.2. MORTAR 
As stated earlier in Section 3.1.4, six mortar cubes were cast for each batch of mortar 
mixed. Type S mortar was used. Three were tested at 28 days, and the remaining three 
were tested the day of the prism or beam test, which ranged from 34 to 205 days. A total 
of 234 mortar cubes were tested. Tables 4.2 - 4.4 summarize the mortar cube results, 
along with indicating which prism or beam test specimen each mortar batch corresponds 
to. The mortar flow ranged from 100 to 115 percent.  
Though the same mortar mix was used for all the batches as discussed in Section 3.1.4, 
the strength varied significantly. This may be due to the small batch size, hand mixing, 
curing temperature and humidity (three separate casting periods occurred months apart), 
or variations in water content. 
The average 28 day strength ranged from 10.8 to 31.3 MPa, with an overall average of 
20.5 MPa. The coefficient of variation ranged from 1.5 to 35.2%, with an average value 
of 12.6%. If all the 28 day mortar cubes strengths were combined, the coefficient of 
variation rises to 24.5%. 
Overall, the mortar cube tests exhibited a slight gain in strength when tested on the 
corresponding prism or beam specimen test day, which ranged from 34 to 205 days. The 
average compressive strength increased slightly to 21.3 MPa compared to 20.5MPa for 
the 28 day tests, with a range of 12.7-26.9 MPa. This is to be expected as the cube 
continues to gain strength with time. The average coefficient of variation for strength 
decreased from 12.6% (28 day) to 9.3% (test day) and ranged from 1.1 - 24.0%.  
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Table 4.2: Mortar for Beams 1-3(100) and Prisms 
 
Mortar 
Batch
Test 
Specimen
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
28 18.1 147 23.7
28 20.8 147 15.3
28 23.7 147 19.9
28 23.4 124 26.7
28 22.9 124 26.5
28 24.4 124 22.0
28 22.4 205 19.4
28 24.5 205 25.0
28 21.1 205 23.5
28 21.7 205 24.6
28 24.0 205 20.1
28 24.4 205 20.4
28 25.2 203 17.8
28 26.6 203 20.9
28 25.7 203 22.8
28 27.7 85 28.3
28 25.2 85 24.2
28 27.5 85 27.8
28 19.9 85 19.9
28 23.4 85 24.3
28 17.1 85 22.4
28 22.4 152 26.6
28 24.4 152 27.3
28 23.0 152 25.5
28 20.3 201 28.0
28 23.2 201 26.5
28 25.3 201 24.2
28 23.1 201 24.7
28 23.2 201 19.3
28 21.2 201 20.6
28 19.5 87 22.2
28 20.6 87 21.6
28 21.6 87 20.5
28 18.7 87 22.0
28 17.7 87 17.8
28 21.2 87 19.6
28 23.8 87 19.8
28 22.0 87 24.0
28 18.1 87 17.7
28 20.0 107 25.8
28 22.5 107 17.6
28 22.9 107 26.4
28 20.1 107 26.1
28 23.4 107 22.3
28 24.1 107 20.9
28 22.6 107 15.4
28 18.1 107 17.3
28 23.5 107 17.3
M3 P26-30UP 22.7 7.6 22.6 12.8
19.6 21.4
M2 P1-5GN 23.6 3.2 25.1 10.6
20.9 13.4M1 P6-9UN
M5 P21-GP100 25.8 2.7 20.5 12.3
M4 P26-30UP 23.4 6.2 21.7 11.6
M7 B1(100) 20.1 15.7 22.2 9.9
M6 B1(100) 26.8 5.2 26.8 8.4
M9 P16-20GP62 22.9 10.9 26.2 7.3
M8 P11-15GP38 23.3 4.4 26.5 3.4
M11 B2(100) 20.6 5.1 21.4 4.0
M10 P16-20GP62 22.5 5.0 21.5 13.1
23.3 21.1
M13 B2(100) 21.3 13.7 20.5 15.6
M12 B2(100) 19.2 9.4 19.8 10.6
Casting June 17-19, 2008
M16 B3(100) 21.4 13.5 16.7 6.6
M15 B3(100) 22.5 9.5 23.1 11.6
M14 B3(100) 21.8 7.2
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Table 4.3: Mortar for Beams 7-9(47) 
 
 
Mortar 
Batch
Test 
Specimen
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
28 18.3 49 15.5
28 15.9 49 16.3
28 18.4 49 17.4
28 16.7 49 16.6
28 11.5 49 14.2
28 11.9 49 15.7
28 15.7 49 14.4
28 7.4 49 15.1
28 12.9 49 13.9
28 16.5 44 17.8
28 12.8 44 18.3
28 18.3 44 18.0
28 16.7 44 16.3
28 13.6 44 17.1
28 13.1 44 16.9
28 14.4 44 12.5
28 9.4 44 13.2
28 8.5 44 12.3
28 12.9 38 17.6
28 11.6 38 18.0
28 19.2 38 17.8
28 13.3 38 18.2
28 11.5 38 18.7
28 12.9 38 18.6
28 13.0 38 22.8
28 17.1 38 21.0
28 17.9 38 22.4
Casting February 2-3, 2009
M17 B9(47) 17.5 8.1 16.4 5.8
M19 B9(47) 12.0 35.2 14.5 4.2
M18 B9(47) 13.4 21.6 15.5 7.8
M21 B8(47) 14.5 13.5 16.8 2.5
M20 B8(47) 15.9 17.7 18.0 1.4
M23 B7(47) 14.6 27.9 17.8 1.1
M22 B8(47) 10.8 29.5 12.7 3.7
M25 B7(47) 16.0 16.4 22.1 4.3
M24 B7(47) 12.6 7.5 18.5 1.4
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Table 4.4: Mortar for Beams 4-6(100) and Beams 10-12(32) 
 
 
Mortar 
Batch
Test 
Specimen
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
28 26.7 53 19.1
28 27.3 53 31.1
28 27.5 53 24.8
28 29.9 53 24.7
28 25.7 53 21.2
28 19.2 53 23.2
28 21.6 53 24.6
28 16.3 53 24.2
28 24.2 53 28.2
28 23.4 46 28.7
28 21.4 46 28.6
28 23.6 46 19.9
28 19.9 46 23.3
28 16.1 46 16.4
28 14.2 46 19.9
28 22.2 48 22.2
28 23.0 48 22.7
28 21.6 48 21.9
28 13.9 48 20.0
28 15.1 48 16.9
28 25.2 48 19.8
28 18.2 34 22.3
28 17.6 34 21.7
28 20.1 34 20.5
28 17.8 34 19.6
28 21.0 34 22.0
28 18.7 34 21.7
28 31.7 67 28.7
28 31.7 67 24.1
28 30.6 67 28.0
28 26.4 67 25.6
28 29.7 67 23.0
28 24.0 67 26.4
28 26.6 62 28.9
28 24.0 62 19.1
28 18.7 62 25.8
28 25.5 62 17.7
28 19.1 62 19.0
28 17.5 62 16.5
28 22.7 62 24.5
28 21.4 62 20.4
28 18.1 62 22.2
Casting April 23-24, 2009
M26 B6(100) 27.2 1.5 25.0 24.0
M27 B6(100) 24.9 21.6 23.0 7.6
M28 B6(100) 20.7 19.5 25.7 8.6
M29 B5(100) 22.8 5.3 25.7 19.6
M30 B5(100) 16.7 17.3 19.9 17.4
M31 B10(32) 22.3 3.2 22.3 1.8
M32 B10(32) 18.1 34.4 18.9 9.2
M33 B4(100) 18.6 7.0 21.5 4.3
M34 B4(100) 19.2 8.6 21.1 6.2
M35 B12(32) 31.3 2.0 26.9 9.2
M36 B12(32) 26.7 10.7 25.0 7.1
M37 B11(32) 23.1 17.4 24.6 20.4
M38 B11(32) 20.7 20.5 17.7 7.1
M39 B11(32) 20.7 11.4 22.4 9.2
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A more detailed investigation of the mortar properties was not undertaken since the 
mortar strength has a small effect on prism strength as indicated by the literature review. 
An example of a typical mortar cube failure can be seen in Figure 4.1 below. 
 
Figure 4.1: Typical mortar cube failure 
 
4.3. GROUT 
A total of 78 cylinders and 78 cores were tested. The target 28 day grout cylinder strength 
was set as 18 MPa to 20 MPa. The details of the testing process can be found in Section 
3.1.5. For each batch of grout tested; three cylinders (100 mm in diameter and 200 mm in 
height), and three grout cores (45 mm in diameter and 90 mm in height, cored from 
grouted block cells) were taken. Every batch mixed for use in the prisms was tested (one 
set at prism test day, none for 28 day strength). However, two batches per beam were 
tested (one set with three specimens for beam test day and one set with three specimens 
for 28 day strength). The compression results are listed in Tables 4.5-4.7. 
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Table 4.5: Grout Cylinders and Cores for Beams 1-3(100) and Prisms 
 
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
28 19.2 28 19.8
28 19.2 28 19.8
28 18.6 28 16.1
77 23.2 77 22.0
77 25.2 77 23.2
77 23.7 77 26.3
28 18.3 28 17.4
28 18.3 28 15.4
28 18.0 28 17.3
79 19.9 79 25.6
79 21.0 79 25.6
79 21.2 79 26.1
28 21.7 28 25.6
28 22.0 28 21.4
28 21.9 28 25.6
100 25.2 100 30.7
100 24.5 100 26.1
100 24.4 100 20.5
115 27.2 115 28.6
115 26.7 115 28.4
115 26.7 115 31.5
195 25.8 195 31.6
195 26.6 195 28.4
195 26.3 195 30.8
144 23.0 144 25.6
144 23.9 144 24.8
144 23.8 144 24.1
192 21.3 192 25.0
192 20.6 192 24.3
192 20.6 192 24.4
G10 P16-20 20.8 1.9 24.6 1.5
Casting June 26, 2008
G9 P11-15 23.6 2.1 24.8 3.0
G8 P21-25 26.2 1.5 30.3 5.5
G7 P1-5 26.9 1.1 29.5 5.9
G6 B3(100) 24.7 1.8 25.8 19.8
23.8 9.3
19.0 1.8G1 B1(100)
G5 B3(100) 21.9 0.7 24.2 10.0
G4 B2(100) 20.7 3.4 25.8 1.1
Grout Cylinders Grout Cores
Test 
Specimen
Grout 
Batch
G3 B2(100) 18.2 1.0 16.7 6.7
18.6 11.5
G2 B1(100) 24.0 4.3
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Table 4.6: Grout Cylinders and Cores for Beams 7-9(47) 
 
 
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
28 21.9 28 23.0
28 21.2 28 24.8
28 21.1 28 25.8
37 25.3 37 30.7
37 26.4 37 28.1
37 23.7 37 28.1
28 21.0 28 25.7
28 20.9 28 24.5
28 21.2 28 15.4
31 19.7 31 22.7
31 21.2 31 24.1
31 20.9 31 23.3
28 22.7 28 19.5
28 21.3 28 24.7
28 22.4 28 25.3
42 21.4 42 26.3
42 21.0 42 24.0
42 21.2 42 24.4
G16 B9(47) 21.2 0.9 24.9 4.9
G15 B9(47) 22.1 3.3 23.2 13.8
G14 B7(47) 20.6 3.9 23.4 3.0
G13 B7(47) 21.0 0.7 21.9 25.8
G12 B8(47) 25.1 5.4 29.0 5.2
Casting February 10, 2009
G11 B8(47) 21.4 2.0 24.5 5.8
Grout 
Batch
Test 
Specimen
Grout Cylinders Grout Cores
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Table 4.7: Grout and Cores for Beams 4-6(100) and Beam 10-12(32) 
 
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
Test 
Day
Compressive 
Strength (MPa)
Average 
(MPa)
C.O.V 
(%)
28 21.4 28 25.4
28 22.0 28 28.8
28 22.3 28 23.8
48 23.4 48 28.0
48 23.5 48 29.2
48 22.5 48 27.1
41 23.1 41 21.7
41 22.2 41 20.5
41 22.3 41 22.8
28 21.1 28 23.9
28 22.0 28 24.7
28 22.0 28 24.3
29 21.1 29 20.9
29 20.6 29 24.4
29 21.5 29 20.2
28 21.2 28 25.6
28 21.9 28 25.8
28 21.6 28 24.3
28 23.3 28 25.2
28 22.8 28 23.6
28 22.8 28 24.7
43 24.7 43 28.5
43 23.8 43 31.1
43 23.8 43 29.0
62 23.8 62 27.3
62 23.3 62 26.8
62 23.5 62 26.2
28 27.2 28 23.8
28 29.3 28 22.7
28 29.0 28 23.3
28 24.3 28 25.8
28 22.7 28 27.2
28 24.1 28 26.9
57 26.6 57 32.6
57 25.5 57 32.3
57 25.9 57 31.3
G28 B11(32) 26.0 2.1 32.1 2.1
G26 B12(32) 28.5 4.0 23.3 2.4
G27 B11(32) 23.7 3.7 26.6 2.8
G24 B10(32) 24.1 2.2 29.5 4.7
G25 B12(32) 23.5 1.1 26.8 2.1
G22 B4(100) 21.6 1.6 25.2 3.2
G23 B10(32) 23.0 1.3 24.5 3.3
G20 B5(100) 21.7 2.4 24.3 1.6
G21 B4(100) 21.1 2.1 21.8 10.3
G18 B6(100) 23.1 2.4 28.1 3.7
G19 B5(100) 22.5 2.2 21.7 5.3
Casting April 29, 2009
G17 B6(100) 21.9 2.1 26.0 9.8
Grout 
Batch
Test 
Specimen
Grout Cylinders Grout Cores
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As indicated in Tables 4.5-4.7, the average 28 day grout cylinder strength ranged from 
18.2 to 23.7 MPa, with an average of 21.6 MPa. The coefficient of variation ranged from 
0.7 to 3.6%, with an average value of 1.8%. If all the 28 day cylinders were treated as one 
large data set, the coefficient of variation would be 7.5%. The average 28 day grout core 
strength ranged from 16.7 to 26.8 MPa, with and average of 23.5 MPa. The coefficient of 
variation ranged from 1.7 to 25.8%, with and average value of 8.0%. If all the 28 day 
cores were treated as one large data set, the coefficient of variation would be 15.2%. 
Based on the 28 day results, the grout cores exhibited a 9% increase in compressive 
strength versus the grout cylinders compressive strength. Figure 4.2 illustrates the 
difference in the 28 day sample distribution of the grout cylinders and grout cores using a 
histogram (with intervals based on one standard deviation). This data can also be 
presented in another manner; assuming a normal distribution, and using the mean and 
standard deviation of the grout cylinder and grout core data, Figure 4.3 is produced.  
 
Figure 4.2: 28 day grout strength histogram 
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Figure 4.3: 28 day grout strength normal distribution 
 
When the grout was tested past 28 days (on the day the corresponding beam or prism was 
tested, which ranged from 29 to 195 days) the grout exhibited a 10% increase in strength 
for the cylinders (compared to 28 day strengths) and an 11% increase in strength for the 
cores (compared to 28 day strengths). The average grout cylinder strength was 23.7 MPa 
and ranged from 20.6 to 28.5 MPa, with an average coefficient of variation of 2.6% that 
ranged from 0.9 to 5.4%. The average grout core strength was 26.1 MPa and ranged from 
21.7 to 32.1 MPa, with an average coefficient of variation of 5.5% that ranged from 1.0 
to 19.9%. Based on the beam and prism test day data, the grout cores displayed a 10% 
increase in compressive strength compared to grout cylinders from the same batch. 
Figure 4.4 uses a histogram with intervals of one standard deviation to represent this 
distribution. Figure 4.5 represent this data assuming a normal distribution. 
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Figure 4.4: Prism and beam test day grout strength histogram 
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Figure 4.5: Prism and beam test day grout strength normal distribution 
 
When all the data is combined, the distribution is still reminiscent of a „normal‟ 
distribution (Figure 4.6). This is further evidence that the gain in the grout compressive 
strength is minor after 28 days. Overall, the grout cores displayed a 10% increase in 
strength verses the cylinders. This is considerably less than is indicated by Drysdale and 
Hamid (2005), which states an increase of 50% is typical. This relatively low increase in 
strength could be due to the large slump (therefore large water:cement ratio, and ample 
water to hydrate the cement), where the amount of water absorbed into the block was 
relatively small in comparison to the amount of water present in the mix. In addition, the 
grout cores were taken close to the center of the cell where there may have been a smaller 
effect of the block absorption. 
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Figure 4.6: Sample distribution histogram for all grout cores and cylinders 
 
After compressive failure, the grout cylinders exhibited a cone (Figure 4.7(a)), cone split 
(Figure 4.7(b)), or cone shear (Figure 4.7(c)) type of fracture. The majority of the grout 
cores also resulted in a cone (Figure 4.8(a)) or a cone split type failure. However, some 
grout cores failed with a cone and shear, shear (Figure 4.8(b)), or even columnar (Figure 
4.8(c)) type fracture. This may be a result of misalignment of the capping or non-
perpendicularity of the core. The shear type failures generally indicate a premature failure 
(American Concrete Institute, 2006).  
0
5
10
15
20
25
30
35
40
45
10 15 20 25 30 35 40
Fr
eq
u
en
cy
Compressive Strength( MPa)
cylinders
cores
cylinder average
core average
22.8
25.0
77 
 
 
(a) Cone 
 
(b) Cone and split 
 
(c) Cone and shear 
Figure 4.7: Grout cylinder failure types observed
 
 
 
(a) Cone 
 
(b) Shear 
 
(c) Columnar 
Figure 4.8: Grout core failure types observed
 
4.4. REBAR 
Only information regarding the longitudinal reinforcement is presented in this thesis. 
Based on the physical test report obtained from the manufacturer, the average yield 
strength was 492 MPa, which was obtained from four specimens. The average ultimate 
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tensile strength was 632 MPa and an average elongation at rupture was 18.2%. This 
report can be found in Appendix A. 
An example of the stress-strain profiles created from the pull (coupon) tests conducted at 
the University of Windsor‟s testing facilities is shown in Figure 4.9. A close up of the 
elastic region of the same profile is in Figure 4.10. From these, the yield stress and yield 
strain of the steel can be determined. The strain profiles for the remainder of the samples 
are located in Appendix A. Based on the three samples tested, the average yield strength 
was found to be 547 MPa (which is 11% higher than the results obtained from the 
manufacturer) and the yield strain was obtained as 0.00260 (0.26%). Based on the slope, 
the elastic modulus was found to be 210 GPa. 
 
Figure 4.9: Stress vs. strain curve (pull test specimen 3) 
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Figure 4.10: Elastic region of stress vs. strain curve (pull test specimen 3) 
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5. PRISM RESULTS 
 
5.1. INTRODUCTION 
The test data from the prism specimens were used to determine the compressive strength 
of each specimen. Statistical methods were used to determine whether the amount of web 
interruption has an effect on this strength. The modulus of elasticity was also determined 
to identify potential differences in the stiffness among various prism types. The test 
matrix and a schematic of the prism cross sections can be found in Section 3.2. 
 
5.2. COMPRESSION TESTING RESULTS 
Prisms P1-5GN were loaded with compression normal to the bed joint. These specimens 
were built using unaltered regular stretcher blocks. They were fully grouted with fine 
grout. The average grout compressive strength at test day was 26.9 MPa (see Table 4.5). 
The individual prism test data is presented in Table 5.1. To calculate the compressive 
strength an effective area of 72635 mm2 (≈ 193 x 395 – frogged end area) was used. This 
is the same as the gross area of one grouted regular stretcher block. 
Table 5.1: P1-5GN Compressive Strength 
 
 
Prism
Compressive 
Strength 
(MPa)
P1GN 13.8
P2GN 15.8
P3GN 14.2
P4GN 14.6
P5GN 15.5
Average 14.8
C.O.V. (%) 5.7
Prism Cross Section
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The results of the compression tests obtained from prisms 1-5GN are also presented in a 
frequency histogram in Figure 5.1. The histogram uses intervals of one standard 
deviation. Assuming a normal distribution, using the mean and standard deviation of 
prisms P1-GN, another graphical representation is derived, as shown in Figure 5.2. 
 
Figure 5.1: Histogram P1-5GN 
 
 
Figure 5.2: Normal distribution for P1-5GN 
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The failure occurred quickly with almost no warning (failure occurred in a few seconds). 
Figure 5.3 shows crack initiation and failure mode of specimen P5GN. Specimens P1-
4GN also failed in the same fashion. Immediately prior to failure, vertical cracks were 
visible along the webs as the face shells of the blocks were separated from the grouted 
cells (Figure 5.3(a)). As the prism is compressed, the grout is confined within the cell, as 
the load increases the grout expands laterally. Due to the grout shrinkage, a slight gap 
between the grout and block may have developed during the curing process. If a gap were 
present, it would first be closed, then the grout would continue pushing out onto the face 
shell of the block. Failure occurs too rapidly to understand whether the face shell is shed 
first, leading to the columns of grout to fail, or the grout fails first causing the face shell 
to be shed (Figure 5.3(b)(c)(d)). 
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(a) Crack initiation 
 
(b)  Side view of failure 
 
(c) Front view of failure 
 
(d) Front view after the loose material is 
removed 
Figure 5.3: Typical failure for prisms P1-5GN
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Prisms 6-9UN were also orientated for compression normal to the bed joint. They were 
made of four courses of regular stretcher blocks constructed in a running bond pattern. 
These prisms were hollow, therefore, they were completely ungrouted. Only face shell 
mortar bedding was used. The compressive strengths for these specimens were calculated 
based on the effective mortar bedding area. To find this area, one course is placed 
imposed onto another course and the area of contact is calculated as illustrated in Figure 
5.4. The effective mortar bedding area was found to be 28960 mm
2
. The compression 
strength of each test is listed in Table 5.2. A histogram of these results is in Figure 5.5 
and a normal distribution is in Figure 5.6. Prism P10UN was damaged prior to testing and 
therefore not listed. 
 
Figure 5.4: Effective mortar area for P6-9UN 
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Table 5.2: P6-9UN Compressive Strength 
 
 
 
Figure 5.5: Histogram P6-9UN 
 
Prism
Compressive 
Strength 
(MPa)
P6UN 21.9
P7UN 22.6
P8UN 22.1
P9UN 21.8
‐ ‐
Average 22.1
C.O.V. (%) 1.6
Prism Cross Section
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Figure 5.6: Normal distribution for P6-9UN 
 
Near the ultimate (failure) load, fine cracks started to appear in the webs of the middle 
two courses of blocks (Figure 5.7(a)). As the compressive load approached its maximum 
value, the front and rear face of the prisms started to buckle outward. This caused tension 
in the webs, which resulted in the cracking in the webs. The top and bottom blocks were 
restrained by the loading plates and the base plates. As a result, a different crack pattern 
developed in the top and bottom course (Figure 5.7(b)). 
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(a) P9UN web splitting 
 
(b) P9UN bottom block 
Figure 5.7: Typical failure pattern for prisms P6-9UN 
 
Prisms P11-15GP38 were constructed to simulate loading parallel to the bed joint. The 
stretcher blocks had a portion of the webs removed in order to produce web interruption 
of a desired amount. For prisms P11-15GP38, 62% of the web was removed leaving 38% 
of the web intact. When laid, the removed sections line up creating a prism with 38% web 
interruption. These specimens were fully grouted with fine grout. The grout had an 
average test day compressive strength of 23.6 MPa (Table 4.5). The compressive strength 
data obtained from these prism specimens is presented in Table 5.3. An effective area of 
76235 mm
2
 (≈ 395 mm x 193 mm) was determined based on the gross horizontal cross 
section of the prism. A histogram of these results is in Figure 5.8, with Figure 5.9 
illustrating these same results assuming a normal distribution.  
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Table 5.3: P11-15GP38 Compressive Results 
 
 
Figure 5.8: Histogram P11-15GP38 
Prism
Compressive 
Strength 
(MPa)
P11GP38 21.7
P12GP38 22.7
P13GP38 21.1
P14GP38 21.7
P15GP38 19.8
Average 21.4
C.O.V. (%) 5.0
Prism Cross Section
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Figure 5.9: Normal distribution for P11-15GP38 
 
Prisms P11-15GP38 failed with little or no advance warning. For two specimens 
(P13GP38 and P14GP38), the face shell separated just prior to failure. However, the 
other three specimens did not have any indication that a failure was imminent until 
complete failure occurred. Despite these differences, the final load capacity appeared to 
be similar. When viewed from the side, the failure produced a conical fracture plane and 
was uniform throughout the specimen. The failure in these specimens occurred at various 
locations along the height (at the bottom, mid height, or at the top). In the area around the 
location of failure, the faces shells were often separated. Figure 5.10 illustrates these 
failure modes. 
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(a) P12GP38 failure 
 
(b) P13GP38 failure 
Figure 5.10: Typical failure for prisms P11-15GP38 
 
Prisms P16-20GP62 were constructed in the same manner as prisms P11-15GP38. The 
blocks were orientated to apply compression parallel to the bed joint. The prisms were 
fully grouted with a fine grout. An average grout cylinder compressive strength of 20.8 
MPa (Table 4.5) was obtained on the test day. The same center block was used as prisms 
P11-15GP38, however, the half blocks on the sides were unaltered and thus, they had full 
web interruption. This produced a prism with 62% web interruption in the grout. The 
individual results are presented in Table 5.4, using an effective area of 76235 mm
2
 (same 
as prisms P11-15GP38). Figure 5.11 provides a histogram of these results, while Figure 
5.12 displays these results assuming a normal distribution.  
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Table 5.4: P16-20GP68 Compressive Results 
 
 
 
Figure 5.11: Histogram P16-20GP62 
 
Prism
Compressive 
Strength 
(MPa)
P16GP68 20.1
P17GP68 22.7
P18GP68 17.3
P19GP68 20.6
P20GP68 20.1
Average 20.2
C.O.V. (%) 9.6
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Figure 5.12: Normal distribution for P16-20GP62 
 
The failure mode for prisms P16-20GP62 was very similar to that of prisms P11-15GP38. 
There was a little or no indication that a failure was about to occur. Two prisms 
(P17GP62 and P20GP62) experienced face shell separation immediately prior to failure 
(Figure 5.13(a)). The final failure plane was cone shaped when viewed from the side 
(Figure 5.13(b)). A few prisms showed an hour glass shape when viewed from the front 
(Figure 5.13(c)), while others had a horizontal failure plane when viewed from the front 
(Figure 5.13(b)). A vertical split occurred in two specimens (prisms P16GP62 and 
P19GP62) along the bed joint (Figure 5.13(d)).  
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(a) P20GP62 face shell seperation 
 
(b) P20GP62 side hourglass, front 
horizontal 
 
(c) P18GP62 front hourglass failure 
 
(d) P16GP62 vertical split
Figure 5.13: Typical failure for prisms P16-20GP62 
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Prisms P21-25GP100 were constructed for compression parallel to the bed joint. The 
prisms were fully grouted with the same mix of fine grout. The average cylinder 
compressive strength was 26.2 MPa (Table 4.5). Unaltered stretcher blocks were used 
creating full (100%) web interruption. The results for each specimen are listed in Table 
5.5. An effective area of 76235 mm2 was used (same as P11-15GP38 and P16-20GP62). 
Figure 5.14 shows the histogram of those results and Figure 5.15 illustrates the same 
results assuming a normal distribution.  
Table 5.5: P21-25GP100 Compressive Results 
 
Although, the coefficient of variation for this prism set is the highest of all the prism sets 
(11.8%) it is still within the limit permitted in CSA S304.1 (2004). This standard states 
that the specified compressive strength of masonry can be determined based on five 
prism tests if the coefficient of variation is less than or equal to 15%. If the coefficient of 
variation exceeds 15%, ten prisms are required to determine the specified compressive 
strength. 
Prism
Compressive 
Strength 
(MPa)
P21GP100 22.3
P22GP100 18.6
P23GP100 16.4
P24GP100 18.1
P25GP100 17.9
Average 18.6
C.O.V. (%) 11.8
Prism Cross Section
95 
 
 
 
Figure 5.14: Histogram P21-25GP100 
 
 
Figure 5.15: Normal distribution for P21-25GP100 
 
Prisms P21-25GP100 had failures similar to those of prisms P11-15GP38 and P16-
20GP62. The same conical shape was found (when viewed from the side). A horizontal 
failure plane was common while looking from the front (Figure 5.16(a)). Most prisms 
also developed vertical cracks along the bed joint (Figure 5.16(a)). Some cells were left 
intact as the failure plane went through the block, then around the cell (Figure 5.16(b)).  
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(a) P24GP100 failure 
 
(b) P22GP100 failure 
Figure 5.16: Typical failure for prisms P21-25GP100
Prisms P26-30UP are identical to prisms P21-25GP100 with the exception that they are 
ungrouted. The results of the prism specimens are summarized in Table 5.6. Since the 
prisms were ungrouted, the effective area is different from that of P21-25GP100. The 
effective area was calculated with two different methods. The first method used the actual 
minimum horizontal cross-sectional area of the prism, which is roughly the width of the 
prism (395 mm) times the average face shell thickness (34.5 mm) times two (27255 
mm
2
). The second method used the same effective area as prisms P6-9UP (28960 mm
2
). 
This second method was incorporated because it is based on a practice that exists in the 
industry, which calculates the effective area the same way irrespective of loading 
direction. Figure 5.17 illustrates the test results in a histogram, while Figure 5.18 presents 
these results assuming a normal distribution.  
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Table 5.6: P26-30UP Compressive Results 
 
 
 
Figure 5.17: Histogram P26-30UP 
 
Prism
Compressive 
Strength1 
(MPa)
Compressive 
Strength2 
(MPa)
P26UP 19.3 18.2
P27UP 20.6 19.4
P28UP 16.2 15.2
P29UP 20.7 19.4
P30UP 18.1 17.0
Average 19.0 17.9
C.O.V. (%) 10.0 10.0
1
 Based on Ae calculated using the minimum cross‐section = 27255 mm
2
2 Based on Ae calculated for prisms  P6‐9UN = 28960 mm2
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Figure 5.18: Normal distribution for P26-30UP 
 
The failure occurred suddenly for prisms P26-30UP. Immediately prior to failure, a slight 
“pop” sound was heard in some prisms. It is most likely that this was the sound of the 
face shells detaching from the webs. Cracks along the webs were not visible, largely due 
to the orientation of the blocks (Figure 5.19(a)). Investigation of the failed specimens 
revealed that a majority of the face shells at the mid height of the prism were detached 
from the webs (Figure 5.19(b)).   
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(a) P30UP side view 
 
(b) P30UP after failure 
Figure 5.19: Typical failure for prisms P26-30UP
 
5.3. STRESS-STRAIN RELATIONSHIP 
The modulus of elasticity was calculated based on the data acquired from the four linear 
potentiometers (LPs) installed on each prism. Annex D of CSA S304.1 (2004) suggests 
that the modulus of elasticity (Em) be calculated between 5% and 33% of the prisms 
compressive strength. In this study, the strain was measured from zero up to 40-70% of 
the ultimate compressive load. Typically, the stress-strain behaviour remained linear 
throughout this region. Some gauges did experience a delay in reading the data and it is 
most likely due to the linear potentiometer sticking. Once readings became available, the 
relationship was found to be linear and exhibited a similar slope to what was obtained 
from the other LPs on the prism. The gauge length of the linear potentiometers was 595 
mm, which covered two to three mortar joints depending on specimen type. The stress 
was calculated by dividing the applied load by the effective area. 
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The stress-strain plot for prism P4GN (Figure 5.20) is typical of the pattern for all prisms 
(all grouted and ungrouted, as well as loaded parallel or normal to the bed joint). For 
prism P4GN, the maximum compressive stress was 14.6 MPa. Therefore, the 5% stress 
corresponds to 0.7 MPa. At this stress level, LP4 did not yet read and its first reading was 
at 14% of the compressive stress. However, beyond this point the slope is the same as 
that of LPs 1-3. Taking this into consideration, the modulus of elasticity was taken as the 
linear region of the stress versus strain plot (not solely between 5% and 33% of the stress 
as suggested by CSA S304.1 (2004)). The same methodology was used to calculate the 
modulus of elasticity for all prisms. 
 
Figure 5.20: Stress versus strain plot for prism P4GN 
 
In a similar manner, the slope was determined from the displacement data from each LP. 
An average of the four values was used as the modulus of elasticity (Em) for each prism. 
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The summary of these results is listed in Table 5.7. A sample stress versus strain plot for 
each prism type can be found in Appendix B.  
Table 5.7: Average Modulus of Elasticity for all Prism Types 
Prism 
Modulus of 
Elasticity 
(GPa) 
% Web 
Interruption 
Average 
Modulus of 
Elasticity 
(GPa) 
Coefficient 
of 
Variation 
P1GN 17.1 
N/A 16.1 4.8 
P2GN 16.4 
P3GN 16.0 
P4GN 15.0 
P5GN 16.0 
P6UN 28.6 
N/A 24.8 11.3 
P7UN 21.8 
P8UN 25.0 
P9UN 24.0 
P11GP38 20.0 
38% 18.1 9.0 
P12GP38 18.0 
P13GP38 19.0 
P14GP38 18.0 
P15GP38 15.6 
P16GP62 18.8 
62% 16.3 9.8 
P17GP62 15.5 
P18GP62 15.0 
P19GP62 17.0 
P20GP62 15.2 
P21GP100 16.9 
100% 15.8 5.1 
P22GP100 14.7 
P23GP100 15.8 
P24GP100 16.0 
P25GP100 15.5 
P26UP 18.5 
N/A 18.5 5.4 
P27UP 18.6 
P28UP 17.2 
P29UP 20.0 
P30UP 18.3 
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The elastic modulus (Em) can also be calculated based on the specified compressive 
strength (f 'm). This is a method recommended in various standards, for example; CSA 
S304.1 (2004) uses Equation 4.1, MSJC (2008) uses Equation 4.2, and Eurocode 6 (2001) 
uses Equation 4.3 (where fk is the characteristic compressive strength).  
        (5.1)  
         (5.2)  
         (5.3)  
Applying these equations; using the average compressive strength opposed to the 
specified compressive strength, a summary of the observed test results and the calculated 
results are shown in Table 5.8. The Eurocode 6 (2001) shows the best agreement for the 
ungrouted prisms, (P6-9UN and P26-30UP) as well as the prisms loaded normal to the 
bed joint (P1-5GN and P6-9UN). For grouted prisms loaded parallel to the bed joint 
(P11-15GP38, P16-20GP62, and P21-25GP100) the equation used in CSA S304.1 (2004) 
showed the best agreement.  
Table 5.8: Observed Em Values and Calculated Em Values 
Prism 
Observed 
Em (GPa) 
CSA 
Calculated 
Em (GPa) 
MSJC 
Calculated 
Em (GPa) 
Eurocode 6 
Calculated 
Em (GPa) 
P1-5GN 16.1 12.6 13.4 14.9 
P6-9UN 24.8 18.8 19.9 22.1 
P11-15GP38 18.1 18.2 19.3 21.4 
P16-20GP62 16.3 17.1 18.1 20.2 
P21-25GP100 15.8 15.8 16.8 18.6 
P26-30UP 18.5 16.11/15.22 17.11/16.12 19.01/17.92 
1
 Based on Ae calculated using the minimum cross-section = 27255 mm
2
 
2
 Based on Ae calculated for prisms P6-9UN = 28960 mm
2
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5.4. ANALYSIS AND DISCUSSION 
All prisms were constructed by the same experienced mason within a period of two days. 
They were all cured under the same conditions. All the blocks used were produced in the 
same production run. Only fine grout was used, and the same mix proportions were used 
for all grout batches. Type S mortar was used for all specimens and mixed using the same 
proportions for all batches (CSA A179, 2004). However, all prisms could not be tested on 
the same day. Due to various factors, tests were completed over a period of 80 days. The 
first test took place after 115 days of curing. This reduced the effect that curing time has 
on the results with respect to each other. According to Thompson et al. (2002), the 
increase in strength between a prism test conducted after 195 days compared to a test 
conducted after 115 days is about 11%.  
 
5.4.1. EFFECT OF GROUTING 
Based on the results from previous research (Drysdale and Hamid, 1979), the 
compressive strength of grouted prisms is expected to decrease and the load capacity is 
expected to increase while comparing to hollow prisms made of the same blocks and 
mortar. The current study on prisms loaded normal to the bed joint agrees well with this 
observation. The average compressive strength for grouted prisms reduced by 35%, from 
23.1 MPa (P6-9UN) to 14.9 MPa (P1-5GN). However, the large increase in the effective 
area in the grouted prisms causes an increase in load carrying capacity. When the 
histograms (using intervals of one standard deviation) for each test series are plotted 
together, it can be seen that they are distinct events (Figure 5.21).  
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Figure 5.21: Histogram P1-5GN vs. P6-9UN 
 
The results were slightly different when comparing the prisms loaded in compression 
parallel to the bed joint. The difference in compressive strength between grouted (P21-
25GP100) and ungrouted (P26-30UN) prisms is not significant. The average compressive 
strength of hollow prisms (P26-30UP) was only 2% higher than grouted prisms. When 
the histograms for both prism types are plotted it can be seen that they are not statistically 
different (Figure 5.22). This is confirmed using the t-test. The t-test determines whether 
the two sample means are statistically different based on a predetermined confidence 
level (usually 95% or 99%). The t value was found to be 0.3 which is much less than the 
1.9 required for a 95% confidence level. This is further evident when comparing the 
normal distributions of these two sets of prisms as shown in Figure 5.23. 
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Figure 5.22: Histogram P21-25GP100 vs. P26-30UP 
 
 
Figure 5.23: Normal distribution P21-25GP100 vs. P26-30UP 
 
Therefore, the compressive strength of hollow and grouted prisms loaded parallel to the 
bed joint were not found to be statistically different. This observation does not agree with 
the current understanding of the strength difference between grouted and ungrouted 
masonry. Though, current standards (CSA S304.1, 2004) do not specify and/or discuss 
this strength difference when loaded parallel to the bed joint. However, the research 
conducted by Khalaf (1997) showed a considerable gain (almost double) in the 
compressive strength of ungrouted masonry loaded parallel to the bed joint compared to 
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grouted masonry loaded parallel to the bed joint. It should be noted that Khalaf (1997) 
used prisms with different dimensions to obtain these results (Figure 2.7 and Table 2.5). 
Therefore, the findings of Khalaf (1997) should not be directly compared with this study. 
 
5.4.2. EFFECT OF LOAD DIRECTION 
As presented in Chapter 2, previous studies have indicated mixed results on the effect 
that load direction has on compressive strength. However, according to the Canadian 
standard, CSA S304.1 (2004) it is expected that the grouted prisms loaded parallel to the 
bed joint would experience a reduction in strength as compared to those loaded normal to 
the bed joint. The reduction factor is χ, which is either 0.7 or 0.5. This standard does not 
however, specifically mention the effect of loading direction (normal vs. parallel to the 
bed joint) on hollow prisms. 
For the grouted prisms loaded normal to the bed joint (P1-5GN), the average compressive 
strength was found to be 14.8 MPa. The grouted prisms made of the same unaltered 
blocks loaded parallel to the bed joint (P21-25GP100), exhibited an average compressive 
strength of 18.6 MPa. Hence, an increase in strength of 26% was found in prisms loaded 
parallel to the bed joint. This observation contradicts the current recommendation in the 
Canadian standard (CSA S304.1, 2004). The blocks used in both prism types were from 
the same manufacturing run, and the grout and mortar mixes used were identical. It is 
worth mentioning that prisms P21-25GP100 were tested at 80 days after prisms P1-5GN 
which may account for some of the increase in strength, but likely not all. However, the 
grout strength at test day of prisms P21-25GP100 was 26.2 MPa, while the grout strength 
for prisms P1-5GN was 26.9 MPa, which may have offset some, if not all of the effect 
that time may have had. Current Canadian standard S304.1 (2004) recommends a 50% 
drop in strength for prisms loaded parallel to the bed joint (P21-25GP100) and hence, the 
test data obtained from the current study does not agree with the recommendation made 
in the current Canadian standard. 
Comparing the actual test values, a histogram makes it appear that they may not be 
statistically distinct data sets (Figure 5.24). When the t-test is applied to the two data sets 
it yields a different result. The t value was found to be 3.4 which is higher than the 
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critical t value required for a 95% confidence that the means, and therefore, these two 
sample sets are statistically different. The t-test only evaluates the chances that the means 
are not equal, not that some of the values may overlap which is why the histogram can 
still have some overlap. In addition, the overlap may be exaggerated in the histogram due 
to a small sample size with a large variance (P21-25GN). Based on the actual data, there 
were no prism specimens from P1-5GN that tested higher than any prisms from P21-
25GP100. Assuming a normal distribution, based on the sample means and standard 
deviations, a better representation for the difference becomes obvious (Figure 5.25).   
 
Figure 5.24: Histogram P1-5GN vs. P21-25GP100 
 
 
Figure 5.25: Normal distribution P1-5GN vs. P21-25GP100 
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One possible reason for why the current study shows an opposite trend than that indicated 
in CSA S304.1 (2004) and found from some previous studies, is the difference in prism 
configuration used. The prisms used in this study for compression parallel to the bed joint 
(P11-15GP38, P16-20GP62, P21-25GP100, and P26-30UP) were constructed to have 
symmetry in geometry and mortar joints about the line of load application (Figure 
5.26(a)). The two half-height blocks (#1 and #2 in Figure 5.26(a)) on either side of the 
mortar head joint of the central units (#3 in Figure 5.26(a)) may have a reinforcing effect 
on this mortar joint. Previous studies by Khalaf (1997) used prisms made of two block 
units as shown in Figure 5.26(b). As a result no beneficial reinforcing effect was present, 
resulting in lower prism strength when loading parallel to the bed joint. The study by 
Wong and Drysdale (1985) used an asymmetric construction as shown in Figure 5.26(c). 
This prism when loaded parallel to the bed joint experiences the beneficial reinforcing 
effect from one side (block 1 on joint 2, block 3 on joint 4, and block 5 on joint 6 in 
Figure 5.26(c)). As a result, again a lower strength is expected when loaded parallel to the 
bed joint for this prism configuration.  
 
(a) Prism layout used in 
this study 
 
(b) Two blocks end to 
end 
 
(c) Prism using full 
height blocks 
Figure 5.26: Prism configuration comparison
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For the hollow prisms loaded normal to the bed joint (P6-9UN), the prisms had an 
average compressive strength of 22.1 MPa. The hollow prisms made of the same block 
but loaded parallel to the bed joint (P26-30UP), had an average compressive strength of 
19.0 MPa. This corresponds to a decrease in compressive strength of 11% for hollow 
prisms when loaded parallel to the bed joint. The trend is the opposite of the results found 
from the grouted prisms in this study.  
 
5.4.3. EFFECT OF WEB INTERRUPTION 
No studies on the effect of web interruption with respect to compressive strength for 
compression parallel to the bed joint could be found in the public domain. CSA S304.1 
(2004) recommends a reduction factor (χ) to account for this effect. This standard states 
that when concrete masonry is compressed parallel to the bed joint, the compressive 
strength is only 50% of that when compressed normal to the bed joint even if a small 
amount of the grout in the compression zone is interrupted by webs. If there is no web 
interruption, the compressive strength is still reduced to 70% of the compressive strength 
normal to the bed joint. CSA S304.1 (2004) does not recommend any interpolation for 
cases when only a part of the compression zone is interrupted. Thus, this standard 
recommends a 29%  drop in compressive strength even if a small portion 
of the grout is interrupted by webs and it is believed to be a conservative measure. 
Prisms P11-15GP38, P16-20GP62, and P21-25GP100 were used to investigate this 
aspect. They were constructed for loading parallel to the bed joint. The same grout and 
mortar mix was used in all the specimens. The only difference was the amount of web 
interruption in the grout. Prisms P11-15GP38 had 38% interruption, P16-20GP62 had 
62% interruption, and P21-25GP100 had 100% interruption. 
It was found that as the amount of web interruption increased, the average compressive 
strength decreased. This trend agrees well with the current Canadian standard, CSA 
S304.1 (2004). Figure 5.27 shows the test data along with the average value for each 
prism set. A linear trend between the prism strength to the amount of web interruption is 
present. If this trend was to continue for lesser web interruption values, the average 
110 
 
compressive strength for zero web interruption would be 23.0 MPa. The average 
compressive strength for 100% web interruption was 18.6 MPa. This would correspond 
to a 19% drop in compressive strength, which is less than the 29% stated in CSA S304.1 
(2004). Hence, this study shows that the Canadian standard is conservative on this issue. 
This study also shows that linear interpolation can be used for various percentages of web 
interruption, though current Canadian standard does not recommend interpolation 
between 100% web interruption and no web interruption.  
 
Figure 5.27: Effect of web interruption on compressive strength 
 
The same data was also used to create a histogram of the results and is presented in 
Figure 5.28. Since there were three data sets an ANOVA analysis with a 95% confidence 
level was performed. It could not be determined that all three sample means are different. 
This shows that the differences among the three sets are not significant enough to 
conclude that they are all different with a 95% confidence level. When a t-test is 
conducted on P11-15GP38 (38% interruption) against P21-25GP100 (100% interruption) 
a t value of 2.6 is obtained which does relate to a greater than 95% confidence (t critical = 
1.9) that the means are distinctly different. Assuming a normal distribution and using the 
mean and standard deviation of each prism set, Figure 5.29 is produced. 
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Figure 5.28: Histogram of compressive strength for P11-15GP38, P16-20GP62, and 
P21-25GP100 
 
 
Figure 5.29: Normal distribution for P11-15GP38, P16-20GP62, and P21-25GP100 
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Although, the grout mix used for all three prism sets was the same, there was some 
variation in the compressive strength of the grout cylinders (see Table 4.5). This variation 
could be a result of the grout itself, or the due to the difference in curing time (all prisms 
were not tested on the same day). In an attempt to correct the prism compressive strength 
for variation in the grout strength, three different methods were used. The first method 
used the formula in Australian standard, AS 3700 (2003) to identify what effect the 
increase in grout strength has on the prism strength. The second used the formula based 
on the study by Khalaf, et al., (1994). The third one used a proportional area method to 
adjust the data. 
Australian standard, AS 3700 (2003) recommends the use of Equation 5.4, to determine 
the compressive force resistance of masonry (N). Assuming the blocks have the same 
compressive strength (since they are all from the same production run), the first product 
term ( ) would be the same for all prisms and hence, this term has been ignored in 
this calculation. The second product term considers the contribution of the grout strength. 
The first part of the second product term (Equation 5.5) is the compressive strength 
portion and this part is what varies among the prism sets tested in the current study. This 
term was used to adjust (correct) all the prism strengths to an equivalent value if they all 
had the same grout strength (20.8 MPa, the lowest of the three prism sets). To obtain an 
adjusted (corrected) prism strength value, the difference in the contribution of grout (of 
each set of prisms compared to the lowest one, as in column 5 in Table 5.9) is subtracted 
from the prism test data. Table 5.9 summarizes the results of this procedure and the 
resulting adjusted (corrected) prism compressive strength. Hence, the effect of grout 
strength is removed from the prism strength as shown in column 6 of Table 5.9. Figure 
5.30 uses these adjusted values to plot the normal distribution of the prisms. Figure 5.31 
plots the effect of web interruption on prism strength with the adjusted values. 
        (5.4) 
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         (5.5) 
Table 5.9: Adjusting Prism Data Based on AS 3700 (2003) 
Prism 
Average 
Compressive 
Strength 
(MPa) 
Average 
Grout 
Cylinder 
Compressive 
Strength 
(MPa) 
Contribution 
of Grout 
Strength on 
Prism 
Strength 
(MPa) 
Difference of 
Contribution 
in 
Comparison 
to the Lowest 
Value (MPa) 
Adjusted 
Average Prism 
Compressive 
Strength 
(MPa) 
P11-15GP32 21.4 23.6 6.0 0.4 21.0 
P16-20GP62 20.2 20.8 5.6 0.0 20.2 
P21-25GP100 18.6 26.2 6.3 0.7 17.9 
 
 
 
Figure 5.30: Normal distribution of adjusted prism data using AS 3700 (2003) 
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Figure 5.31: The effect of web interruption using adjusted prism values based on AS 
3700 (2003) 
 
Using the same methodology, the prism strengths were also adjusted (corrected) 
according to Equation 5.6, suggested by Khalaf, et al. (1994). These results are 
summarized in Table 5.10. Figure 5.32 uses these adjusted values to plot the normal 
distribution of the prisms. Figure 5.33 plots the effect of web interruption on prism 
strength with the adjusted values. 
          (5.6) 
 
 
 
 
Equation 5.6 considers the effects of block, grout, and also mortar. The contribution of 
block (0.3 ) has been ignored in the calculation because the same block was used in all 
prism construction. The contribution of mortar (0.2 ) has also been ignored because 
other studies (Drysdale and Hamid, 1979; Hamid and Chukwunenye, 1986; Khalaf, 1997) 
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have shown that the contribution of mortar has a minor effect. Hence, only the third 
product term (0.25fc) was used to adjust (correct) the prism compressive strength. 
Interestingly, these two methods (AS 3700 (2003) and Khalaf, et al. (1994)) yielded very 
similar results. 
Table 5.10: Adjusting Prism Data Based on Khalaf, et al. (1994) 
Prism 
Average 
Compressive 
Strength 
(MPa) 
Average 
Grout 
Cylinder 
Compressive 
Strength 
(MPa) 
Contribution 
of Grout 
Strength on 
Prism 
Strength 
(MPa) 
Difference of 
Contribution 
in 
Comparison 
to the Lowest 
Value (MPa) 
Adjusted 
Average Prism 
Compressive 
Strength 
(MPa) 
P11-15GP32 21.4 23.6 5.9 0.7 20.7 
P16-20GP62 20.2 20.8 5.2 0.0 20.2 
P21-25GP100 18.6 26.2 6.6 1.4 17.3 
 
 
 
Figure 5.32: Normal distribution of adjusted prism data using Khalaf, et al. (1994) 
10 15 20 25 30
Compressive Strength (MPa)
Normal Distribution 
P11-15GP38
Average Compressive 
Strength P11-15GP38
Normal Distribution 
P16-20GP68
Average Compressive 
Strength P16-20GP68
Normal Distribution 
P21-25GP100
Average Compressive 
Strength P21-25GP100
17.3 20.2
20.7
116 
 
 
Figure 5.33: The effect of web interruption using adjusted prism values based on 
Khalaf, et al. (1994) 
 
The third method used a proportional area method to adjust the strength to the lowest 
grout strength. This method assumes that the contribution of the grout is proportional to 
the area of grout to the total cross sectional area. This produces Equation 5.7. Applying 
this equation to the prism strength data, the results are summarized in Table 5.11. Figure 
5.34 plots this data assuming a normal distribution. Figure 5.35 uses the adjusted prism 
values to illustrate the effect of web interruption. It should be noted that this method 
seems to overestimate the contribution that grout strength on the prism compressive 
strength.  
       (5.7) 
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Table 5.11: Adjusting Prism Data Based on Grouted Area 
Prism 
Average 
Compressive 
Strength 
(MPa) 
Average 
Grout 
Cylinder 
Compressive 
Strength 
(MPa) 
Adjusted 
Average 
Prism 
Compressive 
Strength 
(MPa) 
P11-15GP32 21.4 23.6 19.6 
P16-20GP62 20.2 20.8 20.2 
P21-25GP100 18.6 26.2 15.6 
 
 
 
 
 
Figure 5.34: Normal distribution of adjusted prism data based on grouted area 
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Figure 5.35: The effect of web interruption using adjusted prism data based on 
grout area 
 
As can be seen from all the above procedures for adjusting the strength of the prisms with 
respect to grout strength, the difference between P21-25GP100, and both P11-15GP38 
and P16-20GP68 increases. The difference between P11-15GP38 and P16-20GP68 
reduces. However, the trend produced by fitting a linear trend line to the individual prism 
results, remains the same. 
   
0.0
5.0
10.0
15.0
20.0
25.0
0 10 20 30 40 50 60 70 80 90 100
C
o
m
p
re
ss
iv
e 
St
re
n
gt
h
 (
M
P
a)
Percent Interrupted
average
individual result
Linear (individual result)
119 
 
6. BEAM RESULTS 
 
6.1. INTRODUCTION 
All beams were grouted between five and seven days after construction. They were tested 
between 29 and 100 days after grouting. All beams were tested at the University of 
Windsor structural testing laboratory. Beams B4-6(100) and B10-12(32) were built at a 
separate location and transported to the University. First, the results for each test group 
are presented then an analysis of these results is discussed.  
 
6.2. BEAMS B1-3(100) 
Beams B1-3(100) were comprised of fully grouted regular stretcher blocks (except the 
bottom course which was made of lintel block units). Four 25 mm diameter steel bars 
were used as flexural reinforcement. The results and discussion for beams B1-3(100) are 
included as Appendix C. For these beams, the roller support was placed in a depression 
(Figure 6.1(a)) and this may have created an arching effect in the bottom part of the beam 
(as the bottom chord). Arching was caused by a restriction in longitudinal movement of 
the beam. In this case, the restriction was caused by the support conditions. Hence, the 
results obtained from these beams are not used for analysis in this study. A simply 
supported (pin and roller) condition was later decided to allow movement at the roller 
(Figure 6.1(b)). It is worth mentioning that the beams B4-6(100) were later built and used 
to repeat tests on beams B1-3(100). However, six No. 25 bars were used to ensure no 
yielding occurs in the steel and a crushing failure occurs. 
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(a) Support roller condition used for 
beams B1-3(100) 
 
(b) Support roller condition used for 
beams B4-6(100), B7-9(47), and  
B10-12(32) 
Figure 6.1: Support roller condition
 
6.3. BEAMS B4-6(100) 
As mentioned in the last section, construction of beams B4-6(100) was identical to beams 
B1-3(100), with the exception that they were reinforced with six No. 25 bars (instead of 
four No. 25 bars) as flexural tension reinforcement (Figure 3.20). This increase was to 
ensure an over reinforced compression failure would occur.  
The maximum load capacity and corresponding moment for each beam is presented in 
Table 6.1. To calculate the support load moments, Mmax and Mmin (Figure 6.2), the 
readings from the east and west support load cells (R1 and R2) were multiplied by the 
horizontal distance (3.15 m) from the support load cell to the location of the applied load 
(from the top spreader beam). The applied load moment is based on a support reaction of 
one half the applied load and the same horizontal distance (= P/2 x 3.15 m). Self weight 
of the beam was ignored in calculating these moments. However, the moment due to self 
weight of the beam is listed in Table 6.1, and shown in Figure 6.3. Only the applied load 
and moments are used in this chapter unless otherwise noted. This was done because all 
the readings were initialized before application of any load. 
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Table 6.1: Maximum Load and Moment for Beams B4-6(100) 
Beam 
Max 
Applied 
Load 
(kN) 
Applied 
Load 
Maximum 
Moment 
(kN.m) 
Max 
Support 
Load 
Moment 
(kN.m) 
Min 
Support 
Load 
Moment 
(kN.m) 
Average 
Moment 
Calculated 
(kN.m) 
Moment 
Caused 
by Self 
Weight 
(kN.m) 
Mid-Span 
Deflection 
at Max 
Applied 
Load 
(mm) 
B4(100) 334 526 530 527 528 25 34 
B5(100) 365 576 585 577 579 25 38 
B6(100) 375 591 599 595 595 25 40 
 
 
 
Figure 6.2: Applied load moment diagram 
 
 
Figure 6.3: Self weight moment diagram 
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Mid-span deflections at failure of 34, 38, and 40 mm were recorded for beams B4-6(100). 
The load versus displacement plots for each beam is almost identical (Figure 6.4). There 
appears to be a change in slope of the curves at around 50 kN of applied load. This is 
likely due to formation of tensile cracks in the masonry (in the lintel head joints of the 
bottom course). Before and after this load, the plots appear to be largely linear up to the 
point of failure. The small drops in the applied load correspond to pauses in loading. As 
the load is held, the strain and displacement in masonry continues to increase. This effect 
is more prominent at higher loads. This effect can be seen in beam B6(100) where the 
pauses in loading were for a similar amount of time but the increase in deflection is larger 
at higher load values (Figure 6.4). After the maximum load is applied the load capacity 
drops quickly, though deflection continues to increase because failure (crushing in the 
constant moment zone) occurs rapidly. Finally, the load is removed and part of the 
deflection recovers (springs back). 
 
Figure 6.4: Load versus mid-span displacement for beams B4-6(100) 
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For this set of beams, the strains in the tensile reinforcement bars remained below the 
yield strain of 2600 micro strain (Figure 4.10). The bottom row (channels 4 and 5) 
experienced about 2300 micro strain, while the top row (channels 6 and 7) experienced 
approximately 1800 micro strain. The results for beam B6(100) are shown in Figure 6.5 
(similar plots for beams B4(100) and B5(100) were obtained and they are presented in 
Appendix D). The strain data obtained from both bars located on the same row agree 
well. The gauges located outside of the constant moment zone (channels 0 and 1) 
experienced less strain than the gauges located on the same bars at mid-span (channels 2 
and 3) because they were located away from the mid-span and constant moment zone. 
The strain behaviour was similar in all three beams, with beam B4(100) having the 
lowest strain values since this beam exhibited the lowest moment capacity among these 
three beams. Figure 6.6 shows the locations of strain gauge channels 2-7 which were 
located at mid-span.  
 
 
Figure 6.5: Strain gauge data for beam B6(100) 
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Figure 6.6: Channel numbers for strain gauges located at mid-span 
 
The maximum masonry strain obtained from these beams ranges from 2200 to 3200 
micro strain. Although the maximum strain varied among these beams, the pattern of 
strain distribution was very similar. The strain profile through the depth of the beam was 
predominately linear at all load levels confirming plane sections remained plane. The 
depth of the neutral axis measured from the top-most compression fiber ranged from 375 
mm to 390 mm. The strain profile for beam B5(100) at various load levels is shown in 
Figure 6.7 (similar plots for beams B4(100) and B6(100) are shown in Appendix D). The 
value of all the strain gauge strains obtained from channels 2 to 7 is plotted in these 
figures. The centroid of the middle row of bars (bars with channels 2 and 3) is considered 
for plotting these strains in Figure 6.7. The neutral axis depths for these three beams 
measured from the top-most compression fiber were: 375 mm, 390 mm, and 375 mm 
respectively. It should be noted that the gauge length for these linear potentiometers was 
520 mm. However, strain gauges with a 3 mm gauge lengths was used for measuring 
strains in the reinforcement. 
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Figure 6.7: Strain profile for beam B5(100), typical of beams B4-6(100) 
 
There were two linear potentiometers installed on the top bed face of the beam to record 
data on the compressive strain at the extreme fiber (Figure 6.8 and Figure 6.9). For beams 
B4-6(100), the values of the two linear potentiometers varied by less than 10% at 
ultimate load. A plot of the average strain at the extreme compression fiber versus the 
applied load is shown in Figure 6.10. The slopes and trends were very similar for all three 
beams. However, the strain recorded from the three beams near the maximum load was 
not the same. The maximum strain for beams B4(100) and B6(100) was recorded as 2200 
and 2300 micro strain, while the maximum strain for beam B5(100) was 3000 micro 
strain. The difference in strain values at maximum load appeared to have an insignificant 
effect on maximum load capacity and maximum moment capacity.    
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Figure 6.8: Linear potentiometers mounted on the beams top bed face 
 
 
Figure 6.9: Photo of top linear potentiometers 
 
 
Figure 6.10: Load vs. extreme compression fiber strain for beams B4-6(100) 
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A Linear Variable Differential Transformer (LVDT) was placed at the south face of the 
masonry beam to measure the out-of-plane (lateral) displacement of beam specimen. A 
small amount of epoxy glue was applied at the location where the LVDT was mounted to 
ensure a smooth contact surface for the LVDT (Figure 6.11). A plot of the out-of-plane 
displacement for beams B4-6(100) is shown in Figure 6.12. This plot reveals that there 
was a small (less than 2 mm) amount of lateral displacement in beams B4(100) and 
B6(100) at the ultimate load. Beam B5(100) experienced a larger displacement (7 mm), 
although, half of this movement occurred during the application of the final 10% of load. 
This out-of-plane movement is important in aiding in the identification of any potential 
premature failure occurred due to lateral or lateral-torsional buckling. Out-of-plane 
displacement also caused an increase in the strain on one face of the beam (either south or 
north face depending on the direction of displacement) with respect to the other face. 
Hence, the strain measured at the same height of the beam, but on two different faces 
were slightly different.  
 
 
Figure 6.11: Contact point for out-of-plane measurement 
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Figure 6.12: Out-of-plane displacement for beams B4-6(100) 
 
An LVDT was also placed at both ends of the masonry beams (located 500 mm from the 
bottom of the beam). They measured the amount of movement (in the longitudinal beam 
direction) which occurred at each end. The displacement of the east end (pinned end) of 
the beam occurred primarily due to the curvature that occurred due to rotation about the 
pin (Figure 6.13).  
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(a) East end LVDT (initial condition) 
 
(b) East end LVDT during loading 
Figure 6.13: Rotation of the east end of the beam about the pin support 
 
The movement of the west end (roller end) is influenced by an additional factor. The 
curvature of the beam as discussed for the east (pin end), is also present here. However, 
the beam is not pinned at this support. A roller is present allowing it to move in the 
longitudinal direction. A vertical mark was placed on the roller before any load was 
applied (Figure 6.14(a)). During the test, this mark moved as the roller rolled (Figure 
6.14(b)). Based on these pictures it is clear that the west (roller) end of the beam moved 
longitudinally in the west direction. Hence, the movement at the west end (roller end) 
acquired by the LVDT installed there includes the effect of both curvature (similar to the 
pin or east end) and longitudinal translation due to the roller action. However, these two 
effects act in opposite directions, therefore, whichever has a larger displacement dictates 
which direction the LVDT registers movement (Figure 6.15).  
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(a) Roller support (initial condition) 
 
(b) Roller support during testing 
Figure 6.14: Roller support movement
 
 
(a) West end roller support (initial 
condition) 
 
(b) West end roller support during 
loading 
Figure 6.15: West end LVDT and support movement with rotation
Both the east and west end LVDTs registered similar movement in the west direction 
(Figure 6.16). The west movement of the east end LVDT was caused by the rotation 
about the pin. The west movement of the west end LVDT was caused by rolling of the 
West East East West 
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beam, which is supported by roller movement. The movement of each end, at a distance 
of 500 mm from the bottom the beam, is shown in Table 6.2.   
Table 6.2: East and West End LVDT Movement 
Beam 
Deflection 
at 
Maximum 
Applied 
Load 
(mm) 
West 
Movement 
of East End 
LVDT (mm) 
West 
Movement 
of West 
End LVDT 
(mm) 
B4(100) 34 2.1 1.8 
B5(100) 38 4.0 4.9 
B6(100) 40 5.2 5.8 
 
 
 
Figure 6.16: LVDT displacement for beams B4-6(100) at east (pin) and west (roller) 
ends 
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The failures of beams B4-6(100) were due to crushing of the masonry in the compression 
zone in or near the constant moment span. This is expected because an over reinforce 
design was ensured, which is obvious from the maximum strain values obtained from the 
strain gauges installed on the flexural steel. This brittle failure was required in 
determining the compressive strength of the masonry. Initial flexural cracks started in the 
lintel block (bottom course) head joint near the mid-span. These flexural cracks 
progressed into the second course of blocks, splitting the block unit. These cracks finally 
stopped below the neutral axis (Figure 6.17(a)). Shear cracks were visible outside of the 
constant moment region and about one meter away from the end supports. The shear 
cracks started from the flexural cracks in the head joint of the lintel blocks. Then, these 
cracks followed a 45 degree patter, passing along mortar joints and through the block 
(Figure 6.17(b)).  
 
 
(a) Flexural cracks 
 
(b) Shear cracks 
Figure 6.17: Flexural and shear cracks in beams B4-6(100)
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Shear cracks extended to the area where crushing occurred in beams B4(100) (Figure 
6.18), B6(100) (Figure 6.19), and B5(100) (Figure 6.20). Unlike the other beams, for 
beam B6(100) the failure occurred just outside of the constant moment region. Failure 
warnings were noticed only a few seconds prior to the occurrence of complete failure, 
these included: localized crushing of the head joints at the extreme compression fiber, 
followed by gradual face shell separation. Once failure initiated, the load carrying 
capacity dropped quickly.  
 
Figure 6.18: Beam B4(100) failure 
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Figure 6.19: Beam B6(100) failure 
 
 
Figure 6.20: Beam B5(100) failure 
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6.4. BEAMS B7-9(47) 
Beams B7-9(47) were also constructed with six No. 25 bars as flexural tensile 
reinforcement as was in beams B4-6(100). However, the stretcher blocks were altered by 
removing part of the block web. This is similar to the blocks used in prisms P11-
15GP(38), and P16-20GP(62). In beams B7-9(47), 53% of the web was removed (Figure 
6.21(a)), resulting in 47% web interruption for the grout (as the grout runs horizontally, 
47% will run into a block web, a simulated cross-section illustrating this effect can be 
seen in Figure 6.21(b)).  
 
 
(a) 3D view of the blocks used for 
beams B7-9(47) 
 
(b) Simulated cross-section of 
beams B7-9(47)  
Figure 6.21: Beam B7-9(47), 3D block and cross-section
 
The maximum applied load and corresponding moments for beams B7-9(47) are listed in 
Table 6.3. The moments were calculated in the same manner as beams B4-6(100). The 
self-weight of the beam was not considered in the moment calculations (but is listed in 
Table 6.3 for academic purposes). At the maximum applied load the east and west 
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support load cell readings for each beam differed by less than 2%. The maximum applied 
load among all three beams varied by only 5% and this produces a coefficient of variation 
of 2.6%.   
 
Table 6.3: Maximum Load and Moments for Beams B7-9(47) 
Beam 
Max 
Applied 
Load 
(kN) 
Applied 
Load 
Maximum 
Moment 
(kN.m) 
Max 
Support 
Load 
Moment 
(kN.m) 
Min 
Support 
Load 
Moment 
(kN.m) 
Average 
Moment 
Calculated 
(kN.m) 
Moment 
Caused 
by Self 
Weight 
(kN.m) 
Mid-Span 
Deflection 
at Max 
Applied 
Load 
(mm) 
B7(47) 341 538 544 536 539 25 39 
B8(47) 324 510 518 513 514 25 34 
B9(47) 331 522 532 522 525 25 34 
 
All three beams displayed very similar load versus mid-span displacement behaviour 
(Figure 6.22). The behaviour is predominately linear with a few dips, corresponding to 
pauses in the loading. The displacements at maximum load were; 39, 34, and 34 mm, 
respectively. A residual displacement between 5 mm and 10 mm was present after the 
load was released. This residual displacement is likely due to tension cracks in the 
masonry which were unable to fully close. 
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Figure 6.22: Load-deflection curve for beams B7-9(47) 
 
The maximum strain in the rebar obtained from 3 mm strain gauges varied between 2100 
and 2300 micro strain for this series of beams, with the bottom row of reinforcement 
having the maximum strain, as expected. The values are less than the 2600 micro strain 
required for yielding and this ensures that ductile flexural failure did not occur in these 
beams. The strain in the top bars was lowest and the maximum strain value was between 
1400 and 1600 micro strain. Figure 6.23 illustrates the load versus strain plots for beam 
B7(47). The channel numbers are the same as used for beams B4-6(100) and shown in 
Figure 6.6. Similar strain distribution patterns were observed from the other two beams 
(B8(47) and B9(47)) and they are presented in Appendix D. 
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Figure 6.23: Rebar load versus strain profile for beam B7(47) 
 
The maximum strain at the extreme compression fiber, ranged from 2400-3200 micro 
strain for beams B7-9(47). These values are measured using linear potentiometers with a 
gauge length of 520 mm, mounted on the top bed face of the beam. The strain gradient 
results from beam B8(47) are shown in Figure 6.24 and are typical of all three beams 
(similar plots for beams B6(47) and B7(47) are presented in Appendix D). The average 
strain gauge strains at mid-span are plotted in this figure. The neutral axis depths for 
these three beams measured from the top-most compression fiber were; 375 mm, 375 
mm, and 350 mm respectively. 
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Figure 6.24: Strain gradient for beam 8 (typical of beams B7-9(47)) 
 
When the strain at the top compression fiber of the masonry is plotted against the applied 
load (Figure 6.25), it can be seen why the difference in maximum compressive strain in 
the masonry did not greatly affect the results. All three beams displayed similar 
behaviour until about the ultimate load was applied. Then the compressive strain 
increased rapidly even though the increase in load was negligible. From the rebar strains 
it is obvious that the rebar did not yield. This implies that brittle (compression or 
crushing) failure occurred.  
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Figure 6.25: Load vs. extreme fiber strain for beams B7-9(47) 
 
The out-of-plane (lateral) displacement of beams B7-9(47) is shown in Figure 6.26. 
These values were less than 2 mm. 
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Figure 6.26: Out-of-plane displacement for beams B7-9(47) 
 
Similar to beams B4-6(100) both the east and west end LVDTs registered movement in 
the west direction (Figure 6.27), although beam B7(47) had an initial 1 mm movement in 
the east direction. The overall west movement of the east end LVDTs was caused by the 
rotation about the pin. The west movement of the west end LVDTs was caused by rolling 
of the beam, which is evidenced by roller movement. The movement of each end, at a 
distance of 500 mm from the bottom the beam, is shown in Table 6.4. The west end 
LVDT of beam B8(47) did not record any change after 100 kN of applied load, likely due 
to malfunction.   
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Table 6.4:East and West End LVDT Movement 
Beam 
Deflection 
at 
Maximum 
Applied 
Load 
(mm) 
West 
Movement 
of East End 
LVDT (mm) 
West 
Movement 
of West 
End LVDT 
(mm) 
B7(47) 39 1.6 2.1 
B8(47) 34 - 3.2 
B9(47) 34 3.2 2.4 
 
 
Figure 6.27: East and west end LVDT movement for beams B7-9(47) 
 
The failure pattern was the same for all three beams B7-9(47) and failure occurred due to 
crushing of the masonry in the constant moment zone as was the case for beams B4-
6(100). Crack initiation and growth patterns were also the same as observed in beams B4-
6(100). Initial cracks started in the head joint of the lintel blocks at mid-span, then 
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progressed into the next course splitting the block. Flexural cracks also later initiated in 
head joint of the second course then progressed through the lintel block. These flexural 
cracks stopped in the second course just below the neutral axis in the constant moment 
region (Figure 6.28(a)). In the area where shear is present these cracks propagate at 45 
degree angles after passing through the lintel blocks head joint (Figure 6.28(b)).  
 
(a) Flexural cracks constant moment 
zone 
 
(b) Shear cracks outside of constant 
moment zone 
Figure 6.28: Typical crack patterns for beams B7-9(47)
 
In the area where the failure occurred, the top half of the face shell was pushed away, 
likely due to the transverse expansion of the grout. The grout remained undamaged and 
the beam could have possibly carried additional load but due to the damage in the face 
shell, it was assumed to have failed and loading was discontinued (Figure 6.29, Figure 
6.30, and Figure 6.31). 
144 
 
 
Figure 6.29: Beam B7(47) failure 
 
 
Figure 6.30: Beam B8(47) failure 
 
 
Figure 6.31: Beam B9(47) failure 
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6.5. BEAMS B10-12(32) 
Six No.25 bars were also used as tensile reinforcement of beams B10-12(32). The blocks 
used to make up the top three courses of beams B10-12(32) were made up of altered 
stretcher blocks. 130 mm of the web was removed (Figure 6.32(a)), the remaining 
amount of web resulted in 32% web interruption (a cross-section illustrating this effect 
can be seen in Figure 6.32(b), also refer to Chapter 3.3).  
 
 
(a) 3D view of blocks used for 
beams B10-12(32) 
 
(b) Simulated cross-section of 
beams B10-12(32) 
Figure 6.32: Beams B10-12(32), 3D block and cross-section
  
The maximum applied load and corresponding moment for beams B10-12(32) are 
presented in Table 6.5. These moments are calculated in the using the same methodology 
as the previous beams. The applied load among these three beams varied by 6% with a 
coefficient of variation of 3.3%. 
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Table 6.5: Maximum Load and Moment for Beams B10-12(32) 
Beam 
Max 
Applied 
Load 
(kN) 
Applied 
Load 
Maximum 
Moment 
(kN.m) 
Max 
Support 
Load 
Moment 
(kN.m) 
Min 
Support 
Load 
Moment 
(kN.m) 
Average 
Moment 
Calculated 
(kN.m) 
Moment 
Caused 
by Self 
Weight 
(kN.m) 
Mid-Span 
Deflection 
at Max 
Applied 
Load 
(mm) 
B10(32) 414 652 666 655 658 25 44 
B11(32) 394 621 629 622 624 25 38 
B12(32) 389 613 619 617 616 25 39 
 
The load versus mid-span displacement profile was similar in all three beams as 
presented in Figure 6.33. Displacements of 44, 38, and 39 mm, respectively were 
recorded at maximum applied load.  
 
Figure 6.33: Load versus displacement curves for beams B10-12(32) 
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The bottom most rebar, which was furthest from the neutral axis (channels 4 and 5) 
experienced the largest strain (2550 to 2650 micro strain) and the rebar nearest (channels 
6 and 7) experienced the least amount of strain (1700 to 1900 micro strain) of those 
gauges located at mid-span. The results from beam B10(32), which is typical of beams 
B10-12(32) is presented in Figure 6.34 (the results for beams B11(32) and B12(32) are 
located in Appendix D). The channel numbering convention is the same as the previous 
beams (see Figure 6.6). The maximum strain on two bars in beam B10(32) was slightly 
higher than yield strain (2600 micro strain). However, the strain-load plot remains linear 
(Figure 6.35). The strain gauges located away from mid-span (channels 0 and 1) 
experienced less strain than those gauges located on the same bar at mid-span (channels 2 
and 3). 
 
Figure 6.34: Rebar load versus strain results for beam B10(32) 
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The strain gradient remained largely linear at all load levels. The neutral axis (measured 
from the top compression fiber) was 380, 375, and 340 mm, respectively. The strain 
gradient at various loads for beam B11(32) is presented in Figure 6.35 (similar plots for 
beams B10(32) and B12(32) are shown in Appendix D).  
 
 
Figure 6.35: Strain gradient results for beam B11(32) (typical of beams B10-12(32)) 
 
Based on the results from the average of the two linear potentiometers on the top bed face 
of the beam, the maximum masonry strain was obtained and ranged from 2300 to 2900 
micro strain. Figure 6.36 presents the applied load verse the extreme compression fiber 
masonry strain up to the maximum applied load. Although the maximum strain differed 
by 600 micro strain, the majority of this difference occurred near the maximum applied 
load. As the applied load approaches its maximum value, the slope of the curve 
continuously reduces indicating softening and failure of the beam. 
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Figure 6.36: Load vs. extreme fiber strain for beams B10-12(32) 
 
Out-of-plane displacement was recorded by an LVDT placed at mid-span and at a height 
of 730 mm from the bottom fiber, on the south face, as was done for all other beams. The 
results of the out-of-plane displacement up to the maximum applied load are shown in 
Figure 6.37. The lateral displacement for beams B11(32) and B12(32) was less than 3 
mm and appeared largely linear when plotted against the load. For beam B10(32) the rate 
of out-of-plane displacement increased once the applied load reached beyond 350 kN. 
This increase in lateral displacement indicates that the failure started on the north side. As 
the masonry on the north side started to crush, the beam bent outward in a north direction. 
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Figure 6.37: Out-of-plane displacement for beams B10-12(32) 
 
LVDTs were also located at the east (pin) and west (roller) ends of beams B10-12(32). 
Unfortunately, the east LVDT did not provide readings for beams B11(32) and B12(32). 
Figure 6.38 shows a plot of the east and west end displacements. Similar west end 
movement was present in all three beams. The movement in the west direction at the west 
(roller) end is supported by the movement of the support roller. The magnitude of the 
west movement of the LVDTs at the maximum applied load is shown in Table 6.6. 
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Table 6.6: Estimated and Actual East End LVDT Movement 
Beam 
Deflection 
at 
Maximum 
Applied 
Load 
(mm) 
West 
Movement 
of East End 
LVDT (mm) 
West 
Movement 
of West 
End LVDT 
(mm) 
B10(32) 44 5.8 5.1 
B11(32) 38 5.5   
B12(32) 39 6.5   
 
 
Figure 6.38: East and west end LVDT movement for beams B10-12(32) 
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progressed into the next course splitting the blocks. Cracks also later appeared through 
the lintel block and into the head joint of the course above. The cracks stopped in the 
second course just below the neutral axis in the constant moment region (Figure 6.39 (a)). 
In the area where shear is present these cracks propagate at 45 degree angles after passing 
through the lintel blocks head joint (Figure 6.39(b)). 
 
(a) Flexural cracks in the constant 
moment zone 
 
(b) Shear cracks outside the constant 
moment region 
Figure 6.39: Typical cracking behaviour for beams B10-12(32)
In the area where the failure occurred, the top half of the face shell was pushed away, 
likely due to the transverse expansion of the grout. The grout remained undamaged and 
the beam could have possibly carried additional load but due to the damage it was 
deemed to have failed (Figure 6.40, Figure 6.41, and Figure 6.42). This behaviour is the 
same as was observed in beams B7-9(47). 
153 
 
 
Figure 6.40: Beam B10(32) failure 
 
 
Figure 6.41: Beam B11(32) 
 
 
Figure 6.42: Beam B12(32) 
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6.6. ANALYSIS AND DISCUSSION 
The results from beam sets B4-6(100), B7-9(47), and B10-12(32) were analyzed and 
compared. Also, from this data a compressive strength of the masonry was derived based 
on the test data. The compressive strength obtained was later compared with those 
obtained from the prisms (P11-15GP38, P16-20GP62, and P21-25GP100).  
 
6.6.1. MOMENT CAPACITY 
The moments calculated based on the reactions at the east (pin) and west (roller) support 
load cells, and those calculated based on the data obtained from the load cell on the 
hydraulic jack, showed excellent agreement. The variation was less than 2.5% for all the 
beams. The ultimate (maximum) moment capacities based on an average of these three 
calculations is presented in column 3 of Table 6.7, column 2 shows the corresponding 
maximum applied load. Although, only three tests were performed on each beam type, 
the coefficient of variation was under 7% for each beam set. This indicates good 
repeatability. When the web interruption decreased from 100% (B4-6(100)) to 47% (B7-
9(47)), the moment capacity reduced by 7%. This trend is contradictory of what is 
currently understood and what Canadian standard, CSA S304.1 (2004) recommends. 
However, when the web interruption reduced to 32% (B10-12(32)) the capacity increased 
by 12% (compared to B4-6(100)). Though, part of this increase may be due to an increase 
in grout compressive strength. This trend agrees with what is recommended in CSA 
S304.1 (2004). 
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Table 6.7: Moment Capacity of Beams B4-6(100), B7-9(47), and B10-12(32) 
 
 
6.6.2. LOAD DEFORMATION BEHAVIOUR 
The load-deformation curves exhibit very similar characteristics for all beams of all three 
sets. At about 50 kN, there is a change in slope which is due to cracking of the masonry 
in tension (which can be used to calculate the cracking moment). Before and after this 
load, the relationship is largely linear with a few dips corresponding to pauses in load 
application. As the load is held, the masonry continues to increase its strain and vertical 
beam displacement. This effect is more prominent at higher loads. Figure 6.43 displays 
the results of all beams of the three sets. There does not appear to be a trend in 
relationship between percent of web interruption and slope of the load-deflection curve. 
The plots of beams B4-6(100) lies in between those of beams B7-9(47) and B10-12(32). 
Interestingly, there also does not appear to be a trend in relationship between percent of 
web interruption and displacement at mid-span. 
Beam
Load 
(kN)
Moment 
(kN.m)
% Web 
Interruption
Average 
Moment  
(kN.m)
C.O.V. 
(%)
Grout 
Compressive 
Strength1 
(MPa)
Block 
Compressive 
Strength2 
(MPa)
Block Type 
Used in 
Beams
B4(100) 334 528
B5(100) 365 579
B6(100) 375 595
B7(47) 341 539
B8(47) 324 514
B9(47) 331 525
B10(32) 414 658
B11(32) 394 624
B12(32) 389 616
25.4100
47
32
567
526
633
6.2
2.4
3.5
22.2
22.3
24.5
25.4
25.4
1Based on the average  of the beam test day grout cylinders
2Based on the average block compressive strength of the unaltered regular stretcher block
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Figure 6.43: Load versus mid-span displacement for beams B4-6(100), B7-9(47), and 
B10-12(32) 
 
6.6.3. STRAIN GRADIENT 
The strain distribution along the height of the beam section at mid-span which is used for 
determining the location of the neutral axis, also displayed a similar profile and pattern 
for all the beams in the three groups. The neutral axis varied in depth from 340 mm to 
390 mm (measured from the top of the beam). However, the variation did not follow a 
pattern (Table 6.8).  
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Table 6.8: Neutral Axis Depth 
Beam 
Neutral Axis 
Depth (mm) 
Average 
(mm) 
C.O.V. 
(%) 
B4(100) 375 
380 2 B5(100) 390 
B6(100) 375 
B7(47) 375 
367 4 B8(47) 375 
B9(47) 350 
B10(32) 380 
365 6 B11(32) 375 
B12(32) 340 
 
The maximum masonry strain ranged from 0.0022 to 0.0032 for beams B4-6(100), B7-
9(47), and B10-12(100). The masonry strain was measured at the top bed face of mid-
span of the beam using linear potentiometers of 520 mm gauge length. They were not 
removed until completion of the test. These results are listed in Table 6.9. There was no 
noticeable pattern in the difference in masonry strain among B4-6(100), B7-9(47), and 
B10-12(100). This indicates that there is no clear relationship between the amount of web 
interruption and maximum masonry strain at the maximum applied load. This is evident 
in the large variation within each beam set. A large increase in masonry strain near the 
ultimate load was present in some beams. Current Canadian standard, CSA S304.1 
(2004) recommends ultimate an ultimate compressive strain in masonry of 0.003, which 
agrees with these results.  
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Table 6.9: Masonry Strain at Failure 
Beam 
Masonry 
Strain at 
Maximum 
Applied Load 
Average 
Strain 
C.O.V. 
(%) 
B4(100) 0.0022 
0.0025 17 B5(100) 0.0030 
B6(100) 0.0023 
B7(47) 0.0032 
0.0028 15 B8(47) 0.0024 
B9(47) 0.0027 
B10(32) 0.0029 
0.0026 12 B11(32) 0.0023 
B12(32) 0.0026 
 
Although, the compressive (above the neutral axis) and tensile strains (below the neutral 
axis) appear linear, and with very similar slopes, they do not always match up precisely at 
the neutral axis (see Figures 6.7, 6.25, and 6.36). This could be the results of an initial 
delay in the linear potentiometer reading, caused by the gauge sticking in place until a 
large enough displacement is present for it to start reading. However, the true cause is 
unknown and could be related to some other phenomenon occurring near the neutral axis 
of flexural masonry members. This aspect warrants further investigation. 
 
6.6.4. REBAR STRAIN 
The yield strain of the steel bar was found to be 0.0026 which is higher than the 0.002 
which is commonly used in design. The only two steel bars located at the bottom layer 
that reached the yield strain were in the beam B10-12(32) set with values of 0.00262 and 
0.00267. However, the strain behaviour appeared to remain linear (see Figure 6.36). All 
the beams followed the same pattern with the bottom row experiencing the most strain 
proceeded by the middle row, then the top row. The strain gauges placed on the middle 
row and at 1.2 meters away from mid-span of the beam (0.7 meters outside of the 
constant moment zone) reported strains of about 20% lower than those located on the 
same bar at the centre. Strain gauges located at 2.4 meters from mid-span and 1.9 meters 
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outside of the constant moment zone reported a value of about 50% of the gauge located 
on the same bar at the mid-span. The gauge length of these strain gauges was 3 mm. 
 
6.6.5. FAILURE MODE 
Beams B4-6(100), B7-9(47), and B10-12(100) exhibited a brittle failure (crushing in 
concrete masonry) due to the over reinforced design used in these beams. All beams 
experienced the same crack initiation and propagation behaviour; starting with flexural 
cracks along the lintel head joints at mid-span, then extending into the second course 
splitting the unit and the cracks finally stopped below the neutral axis. The shear cracks 
also initiated in the lintel block head joints outside of the constant moment region up to 
about a meter from the supports, then propagated at about 45 degree path into the second 
and third course. However, these shear cracks extended into the crushing failure zone for 
beams B4-6(100), which did not occur for other beams.   
The compression zone of beams B4-6(100) displayed crushing of the grout and 
separation of the face shells from the grout. A less severe failure occurred in the 
compression zone of beams B7-9(47) and B10-12(32). The face shells of the top half of 
the blocks in the constant moment region were sheared away by the expansion of the 
grout. However, the grout itself did not fail and was not damaged. This indicates that 
there may have been more load carrying capacity, however, the beam was clearly 
damaged and the test was discontinued. 
  
6.6.6. RELATING MOMENT CAPACITY TO MASONRY 
COMPRESSIVE STRENGTH 
The beam test data was used to determine the masonry compressive strength. The 
equivalent stress block, along with the applied moment, and neutral axis depth were used 
to calculate the compressive strength. The equivalent stress block is commonly used in 
both concrete and masonry design. The equivalent stress block used here is based on the 
one used in CSA S304.1 (2004), excluding the strength reduction factors. The applied 
moment was the average determined from all three load cells as stated earlier in this 
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chapter (Tables 6.1, 6.3, and 6.5). The neutral axis depth was determined from the strain 
profile of each beam (Figures 6.7, 6.24, 6.35, and in Appendix D).  
The equivalent stress block method was first proposed by C.S. Whitney (1940) in order to 
develop a more realistic method for reinforced concrete members than was in place at the 
time. The parabolic shape of the actual stress (as presented in Figure 2.9) is replaced with 
an equivalent stress block. This method has since been adopted in various codes and 
standards (CSA S304.1, 2004; Eurocode 6, 1996; MSJC, 2008; AS 3700, 2001), although 
minor changes to some of the parameters have been made. The use of this method is also 
supported by various studies (Khalaf, et al., 1983; Suter and Fenton, 1986; Hamid et al., 
1990). It is important to note that while the equivalent stress block method is widely used 
and accepted, it is not 100% accurate. Calculated and actual values have varied up to 
15% or more, due to the complex nature and variability of concrete and masonry.  
In addition to the inherent inaccuracies of the equivalent stress block, the depth of the 
neutral axis was determined by the linear potentiometers which were spaced at 75 mm 
apart on the face of the beam. Also, the strain gradient at each load did not always pass 
through at precisely the same point. Therefore, an exact neutral axis depth could not be 
determined. However, when the strain gradient profiles are viewed, it is obvious that the 
neutral axis depth can be narrowed to an area between two potentiometers (one is in 
compression while the other is in tension). Using this information and observing the 
overall strain gradient, a reasonably accurate neutral axis depth was determined.  
The masonry compressive strength was determined using the following steps. Based on 
the geometry of the equivalent stress block (Figure 6.44) and using the neutral axis depth 
(c) and the applied moment (M), the compressive force (C) was be found (Equations 6.1 
and 6.2). The compressive force (C) was then used to determine the compressive strength 
of the masonry (fm) (Equations 6.3 and 6.4). Table 6.10 presents these results. It should be 
noted that the compressive strength of masonry parallel to the bed joint calculated using 
this method is not called characteristic compressive strength f’m. This is because 
compressive strength determined from this method does not follow the traditional 
definition of the characteristic compressive strength f’m (CSA S304.1, 2004). 
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Figure 6.44: Equivalent stress block used in calculations 
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Table 6.10: Masonry Compressive Strength Based on Beam Data 
Beam 
Neutral Axis 
Depth (mm) 
Applied 
Moment 
(kN.m) 
fm  (MPa) 
B4(100)  375  528  20.3 
B5(100)  390  579  21.7 
B6(100)  375  595  22.9 
B7(47)  375  539  20.5 
B8(47)  375  514  19.5 
B9(47)  350  525  21.0 
B10(32)  380  658  25.0 
B11(32)  375  624  23.9 
B12(32)  340  616  25.1 
Note: Self weight ignored 
 
In Table 6.11, the individual beam results are grouped together based on their percentage 
of web interruption. Beams B7-9(47) had the lowest average compressive strength, 
followed by beams B4-6(100). The highest average compressive strength was from 
beams B10-12(32). From these results it does not appear that the amount of web 
interruption has a direct correlation to compressive strength of masonry parallel to the 
bed joint.  
Table 6.11: Compressive Strength of Beams Excluding Self Weight 
 
Beam fm (MPa)
% Web 
Interruption
Average 
(MPa)
C.O.V. (%)
Block Used 
in Beams
B4(100) 20.3
B5(100) 21.7
B6(100) 22.9
B7(47) 20.5
B8(47) 19.5
B9(47) 21.0
B10(32) 25.0
B11(32) 23.9
B12(32) 25.1
32 24.7 2.7
100 21.7 6.0
47 20.3 3.7
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These values do not include the beam self weight. Using the moment caused by the self 
weight and the geometry of the equivalent stress block, the compressive stress caused by 
the self weight was calculated (Table 6.12). The additional compressive strength present 
from the self weight of the beam was found in the same manner as previous. Due to 
variations in the neutral axis depth, the value of fm self weight changes slightly.  
Table 6.12: Compressive Strength Including Self Weight 
 
 
The masonry compressive strength which includes the self weight (fm + self weight in Table 
6.12) is plotted against the percent of web interruption and presented in Figure 6.45. 
There does appear to be a general trend relating the amount of web interruption and 
compressive strength. When a linear trend line in extended to 0% web interruption a 
value of 24.8 MPa is obtained. The average compressive strength for 100% web 
interruption was 22.6 MPa. This would correspond to a 9% drop in compressive strength, 
which is less than the 29% (ൌ ଴.଻ି଴.ହ
଴.ହ
x100) stated in CSA S304.1 (2004). This study also 
shows that linear interpolation could be used for various percentages of web interruption. 
However, it is important to note that the trend line misses the entire range of values for 
beams B7-9(47) and B10-12(32). It is recommended that similar tests of beams with 
other amounts of web interruptions be conducted so that more data points are available. 
Beam
fm self weight 
(MPa)
fm  + self weight 
(MPa)
% Web 
Interruption
Average 
(MPa)
C.O.V. (%)
Block Used 
in Beams
B4(100) 1.0 21.3
B5(100) 0.9 22.6
B6(100) 1.0 23.9
B7(47) 0.9 21.4
B8(47) 0.9 20.5
B9(47) 1.0 22.0
B10(32) 0.9 25.9
B11(32) 1.0 24.9
B12(32) 1.0 26.2
32 25.7 2.7
100 22.6 6.0
47 21.3 3.7
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Figure 6.45: Masonry beam compressive strength versus web interruption 
 
6.6.7. A COMPARISION OF BEAM RESULTS TO PRISM RESULTS 
Both in the beams, and in the prisms, there seems to be a general correlation between 
grout interruption and strength. When both the prism and beam results are plotted 
together they show a similar trend. Using a linear trend line and extrapolating it to the 
point with zero web interruption, both trend lines show agreement (Figure 6.46). 
However, the linear trend line misses the entire spread of values for beam sets B7-9(47) 
and B10-12(32). The linear trend line for the prism strength is relatively better and does 
not miss many points. The average prism test day grout cylinder compressive strength 
was 23.5 MPa and the average beam test day grout cylinder compressive strength was 
23.0 MPa.  
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Figure 6.46: Comparison of compressive strength of beam and prism data 
 
It should be noted that the compressive strength obtained from the prism tests does not 
have a strain gradient present. However, a strain gradient is present in the beam tests. 
Unfortunately, there is no data for the prisms to compare with the maximum compressive 
strain for the beams. The strain gradient appears to have a positive effect on compressive 
strength. The compressive strength for the beam specimens was higher than that of the 
prism specimens. Although, the entire compression zone does not reach the ultimate 
strength. The equivalent stress block only uses an equivalent area of 68% (0.8x0.85) to 
determine the compressive strength. If the strain was directly proportional to the stress 
and the gradient did not have a positive effect, the equivalent area would only be 50% 
(triangular stress block going from zero at the neutral axis to 100% at the top fiber).    
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7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
7.1. SUMMARY 
The objectives of this study were to: (i) determine the difference in strength for masonry 
compressed normal and parallel to the bed joint, (ii) investigate the effect of web 
interruption on concrete masonry compressive strength parallel to the bed joint, and (iii) 
determine the effect of a strain gradient on compressive strength parallel to the bed joint. 
To accomplish these objectives, a large number of tests on concrete masonry prisms and 
beams were conducted. All of the materials used (block, grout, mortar, and steel) were 
also tested to determine their properties. However, the same blocks, steel, and grout and 
mortar mixes were used in all the test specimens. 
The prisms were divided into six different sets of five (with the exception of one set of 
four) prisms, resulting in 29 prisms in total. The parameters that varied among the prism 
sets were: (i) load direction (either normal or parallel to the bed joint), (ii) grouted or 
hollow, and (iii) three levels of web interruption (100%, 47%, and 32%).  
The ungrouted prisms loaded normal to the bed joint (P6-9UN) showed a 49% increase in 
strength (22.1 MPa vs. 14.8 MPa) compared to the grouted prisms loaded normal to the 
bed joint (P1-5GN). This trend agrees with CSA S304.1 (2004) which recommends an 
increase in strength of about 30%. However, the ungrouted prisms loaded parallel to the 
bed joint (P26-30UP) had only a 2% increase in strength (19.0 MPa vs. 18.6 MPa) 
compared to the grouted prisms loaded normal to the bed joint (P21-25GP100). The 
Canadian standard (CSA, 2004) does not address the issue of the compressive strength of 
grouted and ungrouted prisms loaded parallel to the bed joint. 
The grouted prisms with full (100%) web interruption loaded parallel to the bed joint 
(P21-25GP100) experienced a 26% increase in compressive strength compared to the 
grouted prisms loaded normal to the bed joint (P1-5GN). This contradicts guidelines in 
the current Canadian standard, CSA S304.1 (2004) which recommends a strength 
reduction for masonry loaded parallel to the bed joint. 
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The compressive strength of the masonry prisms increased as the amount of web 
interruption decreased. This trend agrees with what is recommended in the current 
Canadian standard, CSA S304.1 (2004). The prisms with the least amount (38%) of web 
interruption, (P11-15GP38) showed an average compressive strength of 21.4 MPa. The 
prisms with the second least (62%) web interruption (P16-20GP62) exhibited an average 
compressive strength of 20.2 MPa. The prisms with the most amount of web interruption, 
100% (P21-25GP100) had the lowest average compressive strength of 18.6 MPa. Using a 
linear trend line, a compressive strength of 23.0 MPa was obtained for 0% web 
interruption. Based on this, the strength reduced 19% when the web interruption increases 
from 0% to 100 %. Hence, the reduction in strength lesser than what is recommended in 
CSA S304.1 (2004), which is 29%. 
In addition to compressive strength, the modulus of elasticity (Em) was also determined 
from the test data of the prism specimens. These results were compared to those 
calculated using equations from various codes and standards (CSA S304.1, 2004; MSJC, 
2008; and Eurocode 6, 2001).  The equation from CSA S304.1 (2004) showed excellent 
agreement for the fully grouted prisms loaded parallel to the bed joint (P11-15GP38, P16-
20GP62, and P21-25GP100) but underestimated Em for the remainder (P1-5GN, P6-9UN, 
and P26-30UP) by about 25%. The equation from Eurocode 6 (2001) showed the best 
agreement for those prisms loaded normal to the bed joint and for all ungrouted prisms 
(P1-5GN, P6-9UN, and P26-30UP). 
A total of 12 beams were tested to investigate the effect of web interruption and of a 
strain gradient on masonry compressive strength parallel to the bed joint. The beams were 
four courses (800 mm) high, 7.7 meters long, with a clear span of 7.3 meters, and over 
reinforced to ensure a compression (crushing) failure (which is necessary to determine 
the ultimate compressive strength of the masonry). These full scale beam tests were 
required to determine the effect a strain gradient has on the compressive strength. Prism 
specimens do not have a strain gradient present.  
The first set of beams tested (B1-3(100)) are not included in the analysis due to suspected 
arching effect that may have existed in these tests since the roller support was seated in a 
depression. However, based on these tests, the support conditions were changed and more 
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longitudinal tension reinforcement was added in all subsequent beam specimens to ensure 
a compression failure.  
Using the beams ultimate moment capacity and employing the equivalent stress block 
method, the masonry compressive strength parallel to the bed joint was calculated for all 
nine beams. The highest average compressive strength (25.7 MPa) was obtained from the 
beams with the least amount (32%) of web interruption (B10-12(32)). The beams with 
100% web interruption (B4-6(100)) had the second highest average compressive strength 
of 22.6 MPa. The beams which with intermediate (47%) web interruption (B7-9(47)) 
exhibited the lowest average compressive strength (18.2 MPa). Hence, no clear trend 
between web interruption and compressive strength parallel to the bed joint was found 
from the beam tests. However, the test data shows a reasonably acceptable linear fit and 
based on the linear trend line, the reduction in strength parallel to the bed joint reduces as 
web interruption increases. This agrees with the recommendations in current Canadian 
standard CSA S304.1 (2004). However, the amount of reduction in strength when going 
from 100% to 0% web interruption (based on the linear trend line) is not the same as 
what is recommended in CSA S304.1 (2004). 
 
7.2. CONCLUSION 
It is important to note that the conclusions presented here are based on the results 
obtained in this study, which was completed using only one block type, grout mix, mortar 
mix, and beam failure mode. Therefore, these conclusions may not be applicable to other 
concrete masonry construction. 
 The results of both the prism and beam tests indicate that the compressive 
strength of grouted concrete masonry parallel to the bed joint is higher than the 
compressive strength of grouted concrete masonry loaded normal to the bed joint. 
 Based on the prism and beam results, there appears to be a relationship between 
masonry compressive strength and web interruption. A decrease in web 
interruption results in an increase in strength. 
 Prism tests loaded parallel to the bed joint provided good agreement with beam 
compressive strength calculated from beam tests using an equivalent stress block. 
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7.3. RECOMMENDATIONS 
Due to the complex nature of masonry caused by the interaction of multiple materials, it 
would be recommended to conduct more experiments with altering the materials and 
configuration. These include: block type, block strength, amount of web interruption, 
grout strength, mortar strength, prism configuration, and beam configuration (span, 
height, width).  
Additionally, tests comparing a filled or empty head space would be beneficial. It is 
worth mentioning that in this study the head space was filled with grout. Mild difficulties 
were present when determining the neutral axis depth. A different method to determine 
the strain in the masonry may provide more accurate results. 
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APPENDIX A – STEEL REINFORCEMENT 
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Figure A.0.1: Stress vs. strain curve (pull test specimen 1) 
 
 
Figure A.0.2: Elastic region stress vs. strain curve (pull test specimen 1) 
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Figure A.0.3: Stress vs. strain curve (pull test specimen 2) 
 
 
 
  
0
100
200
300
400
500
600
700
800
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
St
re
ss
 (
M
P
a)
Strain (mm/mm)
173 
 
APPENDIX B – PRISM MODULUS OF ELASTICITY 
 
 
Figure B.0.1: Prism P5GN stress versus strain representing prism set P1-5GN 
 
 
Figure B.0.2: Prism P9UN stress versus strain representing prism set P6-9UN 
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Figure B.0.3: Prism P13GP38 stress versus strain representing prisms P11-15GP38 
 
 
Figure B.0.4: Prism P17GP62 stress versus strain representing P15-20GP62 
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Figure B.0.5: Prism P22GP100 stress versus strain representing P21-25GP100 
 
 
Figure B.0.6: Prism P29UP stress versus strain representing P26-30UP  
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APPENDIX C – BEAMS B1-3(100) 
 
Beams B1-3(100) were comprised of fully grouted regular stretcher blocks (except the 
bottom course which was made of lintel block units). Four 25 mm diameter steel bars 
were used for reinforcement. Tests were conducted between 77 and 100 days after 
grouting.  Beam B1(100) was tested in two steps. The capacity of the jack load cell 
(222kN/50kip) was reached during the first load step and had to be replaced with higher 
capacity load cell (890kN/200kip).  
The maximum load capacity and corresponding moment for each beam is presented in 
Table C.0.1. To calculate the support moments (Figure C.0.1), the readings from the east 
and west support load cells were used and multiplied by the horizontal distance (3.15 m) 
from the support load cell to the location of the applied load (from the top spreader 
beam). The applied moment is based on a support reaction of one half the applied load 
(and the same horizontal distance). Self weight of the beam was ignored. 
Table C.0.1: Beams B1-3(100) Maximum Load and Maximum Moment 
Beam 
Max 
Applied 
Load 
(kN) 
Applied 
Load 
Maximum 
Moment 
(kN.m) 
Max 
Support 
Load 
Moment 
(kN.m) 
Min 
Support 
Load 
Moment 
(kN.m) 
Average 
Moment 
Calculated 
(kN.m) 
Moment 
Caused 
by Self 
Weight 
(kN.m) 
Mid-Span 
Deflection 
at Max 
Applied 
Load 
(mm) 
B1(100) 290 457 464 459 460 25 40 
B2(100) 280 441 444 441 442 25 44 
B3(100) 267 420 422 422 421 25 34 
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Figure C.0.1: Sample moment diagram 
 
The average deflection at the mid-span of each beam was 39.3 mm. The load versus 
deflection curve for beams B1(100) and B3(100) were very similar and appeared linear 
throughout. Beam B2(100) exhibited a softening in the load-deformation curve indicating 
possible yielding in the steel. Figure C.0.2 depicts the load versus deflection plot for 
beam B3(100) (with the plots for beam B1(100) and B2(100) in Figure C.0.3). There 
were two gauges used to measure the vertical displacement: (a) one on the spreader 
beam, and (b) one under the beam itself. The readings for the LVDT under the mid-span 
of the beam are slightly less than the LVDT on the spreader beam. This is likely due to 
some settling of the bearing plates on the masonry surface. Due to the small difference 
Figure C.0.3, incorporates the results from beam B1(100) and B2(100) with only the 
displacement from the spreader beam used. The dips in the plots correspond to pauses in 
loading where the deflection is maintained but the load decreases. After the load is 
removed, there appears to be some permanent deformation of the beam. Either the 
masonry cracks were unable to fully close, or there may be some yielding of the 
reinforcement.  
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Figure C.0.2: Load versus deflection plot for beam B3(100) 
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Figure C.0.3: Load versus deflection plot for beam B1(100) and B2(100) 
 
To determine whether the rebar has yielded or not is based on the readings from the strain 
gauges placed on the longitudinal reinforcement. For beams B1-3(100), the results varied. 
Beam B1(100) (Figure C.0.4) had all four bars reach the yield strain, beam B2(100) 
(Figure C.0.5) had only two bars reach the yield strain, while in beam B3(100) (Figure 
C.0.6) had one bar reach the yield strain but not exhibit yielding behaviour. The yield 
strain is 2600 micro strain. For beam B2(100) (Figure C.0.5) the two bars which yielded 
were the bottom two bars (ch4 and ch5), the top two bars are the ones that almost yielded 
(ch2 and ch3), while the other two series are the gauges placed at 1.2 (ch1) and 2.4 (ch0) 
meters away from the center.  
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Figure C.0.4: Load versus rebar strain plot for beam B1(100) 
 
 
Figure C.0.5: Load versus rebar strain plot for beam B2(100) 
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Figure C.0.6: Load versus rebar strain plot for beam B3(100) 
 
In order to determine the depth of the neutral axis, a profile of the strain gradient is 
needed. This is accomplished by plotting the results from the linear potentiometers placed 
on the face of the beam around the mid-span. The results were similar for all three beams. 
The depth of the neutral axis was found to vary from 340 to 375 mm. An example of this 
plot for beam B2(100) at various loads is shown in Figure C.0.7. In this plot; the zero 
depth represents the top-most compression fiber of the beam. Only the gauges on the 
south face of the beam are plotted, the results from beams B1(100) and B3(100) are 
shown in Figures C.0.8 and C.0.9. For each load the strain profile remains almost linear. 
The last data plotted is at 95% of the failure load. 
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Figure C.0.7: Strain gradient for beam B2(100) 
 
 
Figure C.0.8: Strain gradient for beam B1(100) 
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Figure C.0.9: Strain gradient for beam B3(100) 
 
The flexural cracks began forming in the head joints of the lintel blocks at the mid-span. 
They then progressed into the second course of blocks (Figure C.0.10(a)). Secondary 
cracks were also present that went through the center of the lintel blocks and into the 
second course. Several shear cracks also developed in the area just outside the constant 
moment zone up to a meter from the supports. These shear cracks started in the head joint 
of the lintel blocks then progressed along the mortar joint into the next course. As the 
load increased these cracks either followed the mortar joint in a general 45 degree 
direction or went through the blocks at 45 degree angles (Figure C.0.10(b)). 
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(a) Cracks in the compression zone of 
beam B3(100) 
 
(b) Shear cracks in beam B3(100) 
Figure C.0.10: Crack pattern in beam B3(100)
 
All beams were tested until a failure in the compression zone occurred. This failure was 
outwardly evident by the separation of the block face shell of the blocks located in the top 
course of the constant moment zone for beams B1-3(100). Beam B1(100) also had a 
shear crack that extended into the compression zone of the constant moment region 
(Figure C.0.11). After the load was removed, the loose face shell material was removed, 
exposing the interior cells. These interior cells (behind the separated face shell), exhibited 
a crushing failure (Figure C.0.12). This was typical for all the three beams B1(100) and 
B2(100). The failure in Beam B3(100) only resulted in a minor amount of damage 
(Figure C.0.13), when compared to that of beams B1(100) and B2(100). Beam B3(100) 
also had the lowest load capacity.   
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Figure C.0.11: Constant moment region of beam B1(100) 
 
 
Figure C.0.12: Compression zone of beam B2(100) 
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Figure C.0.13: Compression zone of beam B3(100) 
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APPENDIX D – BEAM CHARTS 
 
 
Figure D.0.1: Strain gauge data for beam B4(100) 
 
 
Figure D.0.2: Rebar strain data for B5(100) 
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Figure D.0.3: Rebar strain for beam B8(47) 
 
 
Figure D.0.4: Rebar strain for beam B9(47) 
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Figure D.0.5: Rebar strain for beam B11(32) 
 
 
Figure D.0.6: Rebar strain for beam B12(32) 
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Figure D.0.7: Strain gradient results for beam B4(100) 
 
 
Figure D.0.8: Strain gradient for beam B6(100) 
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Figure D.0.9: Strain gradient results for beam B7(47) 
 
 
Figure D.0.10: Strain gradient results for beam B9(47) 
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Figure D.0.11: Strain gradient for beam B10(32) 
 
 
Figure D.0.12: Strain gradient for beam B12(32) 
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APPENDIX E – PRISM AND BEAM RAW DATA 
 
Table E.0.1:Prism Raw Load Data 
Prism 
Maximum 
Applied Load 
(N) 
P1GN 1005 
P2GN 1151 
P3GN 1032 
P4GN 1061 
P5GN 1124 
P6UN 634 
P7UN 655 
P8UN 639 
P9UN 633 
P11GP38 1653 
P12GP38 1729 
P13GP38 1606 
P14GP38 1657 
P15GP38 1509 
P16GP62 1534 
P17GP62 1727 
P18GP62 1316 
P19GP62 1573 
P20GP62 1535 
P21GP100 1697 
P22GP100 1416 
P23GP100 1247 
P24GP100 1379 
P25GP100 1365 
P26UP 527 
P27UP 562 
P28UP 441 
P29UP 563 
P30UP 492 
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Table E.0.2: Beam Raw Load Data 
Beam 
Jack Load Cell 
Maximum 
Applied Load 
(N) 
West Support 
Load Cell 
Maximum 
Applied Load 
(N) 
East Support 
Load Cell 
Maximum 
Applied Load 
(N) 
B1(100) 290168 147458 145799 
B2(100) 279988 141095 140097 
B3(100) 266833 133985 133977 
B4(100) 334167 168373 167301 
B5(100) 365428 185678 183267 
B6(100) 375441 190270 188998 
B7(47) 341454 172855 170222 
B8(47) 324127 164527 162795 
B9(47) 331469 168788 165729 
B10(32) 414100 211421 207982 
B11(32) 394381 199621 197495 
B12(32) 388986 196454 195757 
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APPENDIX F - PERMISSIONS 
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Dear Mr. Ring: 
 
This is in response to your email of 3 September to Scott Murphy. 
 
ASTM International grants a limited, non-exclusive license to reproduce figure 1 from "Predicting 
Strength Gain of Grouted Concrete Masonry Prisms," in ASTM STP 1432; and table 1 from 
"Compression Characteristics of Concrete Block Masonry Prisms," in ASTM STP 871 in your 
M.A. Sc. Thesis provided the following credit line is 
used: 
 
"Reprinted, with permission, from [insert ASTM STP # and title], copyright ASTM International, 
100 Barr Harbor Drive, West Conshohocken, PA 19428." 
 
Thank you for your interest in ASTM publications. 
 
Kind regards, 
 
Kathe Hooper 
ASTM International 
100 Barr Harbor Drive, PO Box C700 
West Conshohocken, PA 19428-2959 
phone: 610-832-9634 
fax: 610-832-9635 
email: khooper@astm.org  
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